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 Soil degradation due to improper use of off road vehicle (ORV) is among the 
major problems in the Kisatchie National Forest (KNF), especially in Catahoula 
(CRD), Evangeline Unit, Calcasieu (ERD), and Kisatchie Ranger (KRD) districts.  
The USDA-Forest Service (USFS) maintains designated trails within the forest, but 
many ORV users create their own trails.  To address this issue, a research project 
was initiated in 2001 to assess the suitability of KNF soils for ORV traffic using 
Geographical Information System (GIS) software. 
 The objectives were achieved by utilizing soil properties, rainfall events, soil 
trafficability ratings, Keetch-Byram Drought Index (KBDI), and infiltration parameters.  
Various GIS techniques, spatial statistics program, and mathematical models were 
employed.  The spatial variability of KNF soils was determined using the choropleth 
and summarize zones techniques through ArcView3.2.  Surface runoff from soils 
with varying surface textures was estimated using the Green and Ampt Approach 
program through Lahey FORTRAN 90 version 4.0.  Hotspots, or areas that have 
potential for soil degradation, and coldspots, or areas that are suitable for ORV use, 
were identified using the kernel density estimation technique through CrimeStat2.0.  
These areas were also reflected in the trafficability maps.  The use of a KBDI critical 
value of 399 was found to be a rapid method of managing the forest with respect to 
opening or closing existing trails.   
 The research results can be used by the USFS to effectively manage the 
forest.  Most of the soils that occur within the CRD are suitable for ORV use.  A 
portion of ERD should be restricted from ORV use.  KRD should be permanently 
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closed for all ORV traffic.  Though the suitability analysis was successful, further 
research is necessary to test the validity of the methods used in the analyses.  The 
recommended critical KBDI value should also be tested especially for the rainy 
season.  Moreover, to validate the model used to estimate runoff, actual infiltration 
parameters should be used.  Inclusion of other parameters in the model, such as 
saturation time and thickness will help determine the duration to restrict the ORV use 





1.1 BACKGROUND OF THE STUDY 
The use of off road vehicles (ORVs) for recreation and other outdoor activities 
is very popular in the United States (Stokowski and La Pointe, 2000).  It is estimated 
that approximately 11.7 million people used 4.7 million motorcycles in 1978 for off-
highway recreation in the United States (Kockelman 1983).  This figure does not 
include dune buggies and four-wheel drive vehicles.  Another report shows that from 
Maine to California, ORVs have grown exponentially  (exact figures not revealed) for 
the last twenty years (Wilderness Society, 2001).  Based upon five years (1996-
2001) of data collected by the Louisiana Office of Motor Vehicles, the number of 
registered ORVs in Louisiana is approximately 110,000 and this is expected to 
double within the next ten years.  Texas and Arkansas have closed their public 
operated ORV facilities.  The closure of these ORV facilities considerably increased 
the number of ORV users in the Kisatchie National Forest (KNF), the only national 
forest and public ORV facility in Louisiana.   
To accommodate ORV users, the USDA-Forest Service (USFS) maintains 
designated trails in the forest for ORV use, but many ORV users create their own 
trails. The use of non-designated areas by ORV users has detrimental 
environmental impacts, especially on soils, vegetation, and wildlife (USGAO, 1995; 
Bluewater Network, 1999; FOE, 2001).  In addition to ORV riding, other human 
activities including biking, trampling, and horseback riding, damage vegetation and 
causes water quality problems and soil degradation (Baldwin, 1973; Viles, 2000).  
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The use of ORVs often causes substantial erosion and rutting of the soil on which 
they travel (Baldwin, 1973; Petula, 1977; Sierra Club, 1991).  Trails are significantly 
degraded due to shear (spinning tires) and compaction forces that create mud holes 
(MDEM, 1995).   
Soil erosion, rutting and compaction due to improper use of ORVs are some 
of the major problems in the Kisatchie National Forest (KNF).  These problems are 
even worse during the wet season.  To address this environmental issue, proper 
management strategy and knowledge of the soil physical, chemical, and other 
characteristics are crucial. Suitability analysis of soils for ORV use is essential.  This 
can be done through various erosion measurement and prediction techniques.  
However, most of the available measurement and prediction techniques are 
laborious and costly.  Under certain conditions, immediate action is necessary to 
prevent or minimize irreversible environmental damages.  Thus, the use of fast and 
sound analytical techniques are very important in order to successfully perform a 
suitability analysis of the forest for ORV use.  The use of a Geographical Information 
System (GIS) as a tool in the analysis is indispensable because of its capability to 
store, manage, analyze, and display huge amounts of data (ESRI, 1999).  Hence, 
this study was undertaken in collaboration with the USDA-FS.   
1.2 OBJECTIVES OF THE STUDY 
The main objectives of the study were to perform spatial data analysis and 
assess the suitability of KNF soils for ORV use and ORV traffic using GIS.   
Specifically, the study aimed to (1) summarize and visually display the spatial 
distribution and nature of the soil resource within the forest in a thematic and 
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graphical format, (2) perform kernel density estimation to predict areas that are 
suitable and unsuitable for ORV use using CrimeStat 2.0, a spatial statistics program 
designed for non-environmental data, (3) determine the suitability of soils for ORV 
use and ORV traffic using trafficability criteria, soil drainage classes, rainfall, and 
drought index, and (4) estimate the amount of runoff for specific soil types using 
rainfall data.  
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CHAPTER 2 
IMPACTS OF OFF ROAD VEHICLES ON SOILS AND VEGETATION:  
A LITERATURE REVIEW 
 
2.1 OFF ROAD VEHICLES 
 Off-road vehicles (ORVs) are vehicles capable of being operated on any road 
condition.  There are many forms of ORVs including all-terrain vehicles (ATVs) such 
as three- and four-wheelers; motorcycles; sport utilities such as jeeps and trucks; 
snowmobiles; and personal watercraft such as jet skis (FOE, 2001; The Wilderness 
Society, 2001).  ORVs were first developed in Japan as a farm-to-town vehicle in 
hilly and isolated areas of the country (ATVCI, 2000).  The three-wheeled vehicle 
proved to be a better mode of travel than cars in steep mountainous roads during 
rainy seasons and spring thaws.  Subsequently, the vehicle became famous for 
recreational activities because it provided transportation to areas inaccessible by 
other motorized and conventional transport.   
 The Star Tribune (2002) reported that in 1967, Honda introduced the first ATV 
to the United States.  The three-wheeled US90 model, with a seven horsepower 
engine, designed by Osamu Takeuchi, father of the ATV, was promoted as a 
recreational vehicle and sold for $595.  After five years, Honda improved its wheels 
and tires to make them less vulnerable to punctures.  Though the vehicle was 
primarily designed for recreation, farmers began to use it as a utility vehicle in the 
1970’s.  Soon after the explosion of the multi-purpose machines, serving both 
recreational and utility purposes, Honda started to assemble a four-wheel vehicle.  In 
1984, the first four-wheel ATV, TRX2000, was launched by Honda Company 
(ATVCI, 2000).  Honda and other companies including Suzuki, Yamaha, and 
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Kawasaki, continued to fabricate ATVs of different capabilities to address user’s 
needs and desires. 
The use of ORVs for recreation and other outdoor activities is a relatively 
recent phenomenon.  In the United States, the participation in outdoor activities has 
expanded resulting in a tremendous increase in the use of ORVs (Stokowski and La 
Pointe, 2000).  It is estimated by the Motorcycle Industry Council that 11.7 million 
people used 4.7 million motorcycles in 1978 for off-highway recreation in the United 
States (Kockelman 1983).  This figure does not include dune buggies and four-wheel 
drive vehicles.  The Wilderness Society (2001) reported that from Maine to 
California, ORVs have grown annually at an exponential rate for the last twenty 
years.  Based upon five years of data provided by the Louisiana Office of Motor 
Vehicles, the number of registered ORVs in Louisiana is expected to double from 
approximately 110,000 to 220,000 in the next ten years.  This tremendous increase 
in ORVs poses an environmental threat to Forests and Recreational Parks including 
the Kisatchie National Forest (KNF) in Louisiana. 
2.2 ENVIRONMENTAL IMPACTS OF ORV USE  
 ORVs are capable and designed to tear across wild areas with or without the 
assistance of trails, causing significant adverse environmental impacts, especially in 
fragile habitats such as wetlands, deserts, and tundra (FOE, 2001).  These lands 
provide habitat to wildlife and endangered species, catchments for clean and healthy 
drinking water, and outdoor recreational opportunities.  However, each of these 
benefits is threatened by the growing use of ORVs on public lands.  These machines 
have a substantial detrimental effect not only on soil conditions but also on 
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vegetation, wildlife, and water and air quality (USGAO, 1995; Bluewater Network, 
1999).  The environmental damage of ORV use can go beyond the initial impact to 
soil and vegetation.  ORVs can cause harm to ecosystems and soils in areas much 
greater than the constructed trail since trails themselves generally expand and 
change over time (FOE, 2001). 
Historically, problems with the use of ORVs began in 1947, when Soichiro 
Honda removed a small motor from a war surplus field generator and strapped it to a 
bicycle (Sierra Club, 1991).  Since then, damage to soils, vegetation, watersheds, 
fisheries, and scenic and cultural resources have been often noted especially when 
ORV purchases dramatically increased in the 1990's.  Uncontrolled use of ORVs has 
degraded the environmental and wilderness quality of public lands (Viles, 2000). 
The use of ORVs varies with users.  The report submitted by Bratcher et al. 
(1990) regarding the environmental assessment for the management of ORVs in the 
Talldega National Forest (TNF), Alabama, discusses the three different types of 
ORV uses.  The first type is that involved in hiking, hunting, or camping.  The second 
type of use is for the enthusiasts who use the vehicle as the primary source of 
recreation.  This means that the person selects a place to “go riding”, which may 
involve a few hours or several days.  This person may be more concerned with the 
level of trail difficulty, from easy to most difficult, than the scenery or presence of 
wildlife in the area.  The third type of use involves special competitive events such 
as time trials or large group gatherings.  This event usually involves higher speeds 
and more difficult trail challenges, referred to as “high challenges” (Batcher et al., 
1990).  The significant increase in type 2 and type 3 users due to remoteness, 
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existing roads and trails, scenic qualities, presence of native game and fish 
populations, and public land, has caused environmental damage in TNF in the forms 
of rutting, compaction, and erosion on old roads that resulted in sedimentation into 
streams. 
2.3 IMPACT OF ORV USE ON SOIL AND VEGETATION 
 ORVs such as heavy machines with large waffle tread running repeatedly 
over dry soils in the desert ecosystem or in the damp soils of temperate forested 
areas, seriously degrade soil quality (Viles, 2000).  Among the most important 
environmental impacts caused by ORV use are soil displacement and compaction 
(Lodico, 1973; Belkmap, 1986; Vancini, 1989; Sierra Club, 1991).  The use of ORVs 
often causes substantial erosion of the soil on which they travel (Baldwin, 1973; 
Petula, 1977; Bleich, 1988; Sierra Club, 1991).  Trail bikes and ATVs damage trail 
surfaces by creating mud holes, causing erosion, trail widening and gullying 
(Baldwin, 1973; MDEM, 1995).  According to MDEM (1995), trails are degraded 
significantly due to shear forces (spinning tires) and compaction forces or gravity 
effects that create mudholes.  Continued soil erosion can choke streams and 
rivulets, endangering the fish that rely on clean, sediment-free gravel as spawning 
beds (Snyder et al., 1976; Sierra Club, 1991; Viles, 2000).  Hence, soil erosion 
reduces potential habitat for wildlife and damages streams and fish populations 
(Snyder et al., 1976).  From a personal communication with Novosad, Forest 
Hydrologist and Soil Scientist (2001), the FS is concerned that water quality and 
fisheries habitats within KNF could be adversely affected due to ORV use and soil 
erosion.  Some of the important factors that contributed to this erosion are gravity, 
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rainfall impact and water flow.  In a study conducted in Canada, it was observed that 
ORV use in the forest gradually killed vegetation resulting in increased erosion of 
trail located on slopes (Churchill, 1985; Wlodek, 1993).  Result of a study in the 
Northern Great Plains indicated that passage of ORVs over wet soil in May caused 
cracks up to 24 cm deep by August of the same year (Payne et al., 1983).  These 
cracks may be attributed to the clay content, type, and shrink-swell capacity of the 
soils in the study area. 
2.3.1 Soil Erosion 
Efforts have been made by many investigators to document and analyze the 
effect of ORV use on erosion rates.  Some reports show that ORV-induced erosion 
rates are five times greater than natural rates (Stull, et al., 1979; Wilshire, 1979).   
Improper use of ORVs cause different forms of soil degradation. One major impact 
of improper ORV use is soil erosion.  Soil erosion, along with other forms of soil 
degradation including soil compaction, low organic matter, loss of soil structure, poor 
internal drainage, salinization, and soil acidity problems (Arnold et al., 1987), is a 
worldwide problem and a common phenomenon in the United States (Brady and 
Weil, 1996).  Soil erosion is defined as the detachment of soil particles by wind and 
water (Kirby, 1980; Morgan, 1986) and the transport or mass movement of the soil 
particles at a rate faster than at which new soil forms (Hausenbuiller, 1978; Evans, 
1980).  The other forms of soil degradation also contribute to soil erosion.   
 The two major categories of soil erosion are normal (or geological) and 
accelerated erosion (Bennett, 1939).  Geological erosion occurs under natural 
conditions as under a cover of grass or trees.  It has been taking place for millions of 
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years and has helped create balance in uncultivated soil that enables plant growth 
(Gunn, et al., 1997).  Rates of removal are generally low where the land is thickly 
covered with vegetation (Bennett, 1939).  A typical example of the results of 
geological erosion is the Grand Canyon (Gunn, et al., 1997).  Conversely, 
accelerated erosion is the “speeded-up removal of soil by water or wind following 
removal or impairment of a stabilizing cover of vegetation”, which can be categorized 
as natural and artificial (man-induced) erosion (Bennett, 1939).  Artificial erosion can 
be caused by human activities such as agriculture, construction, and outdoor 
recreation that alter the natural state of the environment (Gunn, et al., 1997).  This 
chapter focuses on accelerated erosion, natural and artificial.   
 The agents of soil erosion are water and wind.  Both wind and moving water 
provide energy for particle detachment and transportation.  Water erosion may be 
caused by rainfall, melting snow, irrigation water, or by stream or river flow 
(Hausenbuiller, 1978; Hinckley et al., 1983).  Soil erosion by wind occurs mostly in 
flat, dry areas and moist, sandy soils along bodies of water.  The process removes 
soil and natural vegetation, and causes dryness and deterioration of soil structure.  
Well-aggregated and fine textured soils are less erodible than noncoherent sandy 
soils (Hausenbuiller, 1978; Evans, 1980).  Soils with sandy and loamy surface 
textures are prone to wind erosion and thus are rated a severe hazard (Libby and 
Engel, 1997).  Erosion is a selective process, which removes fine silt, clay and 
organic matter at a faster rate than coarser sands.  If nothing is done about the 
situation, this can result to poorer soil tillage and lower nutrient- and water-holding 
capacity of the soil. 
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The effectiveness of wind and water in erosion differs in many respects.  For 
example, a rain will not induce erosion unless there is runoff, which occurs only if the 
intensity of rainfall exceeds the infiltration capacity of the soil and if there is slope to 
the land.  Water erosion contributes to a significant soil loss.  The magnitude and 
rate of soil erosion by rainfall or runoff is controlled by many factors such as soil 
texture, slope gradient, slope length, infiltration rate, and vegetation (Bennett, 1939).  
In contrast, wind functions independently of slope and infiltration characteristics 
(Bennett, 1939; Hausenbuiller, 1978).   
2.3.2 Soil Erosion by Water 
 Water erosion is one of the most common geologic phenomena.  The annual 
normal erosion amounts to about 0.2 to 0.5 Mg ha-1 (0.1-0.2 tons acre-1) and it 
operates slowly (Brady and Weil, 1996).  However, recent data show that the 
average erosion for United States is about 4.33 tons acre-1 (SQI, 2003). Considering 
the impact of raindrop alone, the average annual soil erosion rates were reported to 
be as great as 40 t/ha (Meyer, 1981), a rate that is more than a typical soil loss 
tolerance of 10t/ha (Foster, 1978).  The rate and magnitude of soil erosion caused 
by water is controlled by many factors including rainfall intensity and runoff; soil 
erodibility; slope gradient and length; and vegetation (Arnold et al., 1987).  When 
erosion exceeds the normal rate, it becomes unusually destructive and is referred to 
as accelerated erosion (Brady and Weil, 1996).  This is usually caused by human 
activities, which makes the soil more susceptible to wind and water erosion. The loss 
of soil from a particular area will affect the soil quality, soil structure, soil stability, 
and soil texture.  The breakdown of aggregates and the removal of smaller particles 
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or entire layers of soil or organic matter can weaken the structure and even change 
the texture of the soil.  Textural changes can in turn affect the water-holding capacity 
of the soil.  
 Soil erosion by water can result from different processes, which include sheet, 
rill, gully, stream bank, and tunnel erosion (Foster, 1978; IRII, 2001).  Sheet erosion 
is defined as the uniform movement of thin layers of soil from a relatively smooth 
slope by raindrop splash resulting in the breakdown of soil surface structure and 
surface runoff (Bennett, 1939; Osborn, 1955).  Rill erosion results when surface 
runoff concentrates forming small yet well-defined channels.  Rills are only a few 
inches deep and do not hinder farm machinery operation in agricultural land.  Tillage 
can erase rills but they tend to recur after heavy rain during the growing season, 
especially when cover is limited (NRI, 1997).  These channels are called rills when 
they are small enough not to interfere with machinery operations.  Similar channels 
but larger are known as gullies when they become a nuisance factor in normal tillage 
as in the case of agricultural land (Bradford et al., 1973).  Gully formation, a severe 
form of soil erosion, is a natural geologic process that can be greatly accelerated by 
human activities such as urbanization, deforestation, overgrazing, and poor 
agricultural practices.  Erosion attacks the moisture-bearing ability of soils and adds 
deposits to waterways.  Surface runoff causing gully formation or the enlarging of 
existing gullies in the area is usually the result of improper outlet design for local 
surface and subsurface drainage systems (Brady and Weil, 1996; Hillel, 1998).   
Gully formations can be difficult to control if remedial measures are not properly 
designed and constructed, because in this erosion process, water concentrates in 
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narrow channels.  Over a short period of time, soil from the narrow area is removed 
to considerable depths, which range from 1 to 2 feet to as much as 75 to 100 feet 
(NRI, 1997).  Control measures have to consider the cause of the increased water 
flow across the landscape.   
As discussed in the soil survey manual published online by Intermountain 
Resources Inventories, Inc., IRII (2001), tunnel erosion occurs in soil with 
subsurface horizons or layers that are more affected by moving free water than is 
the surface horizon or layer.  The free water usually enters the soil through ponded 
infiltration into sutrface-connected macropores such as dessication cracks and 
rodent burrows.  If there is an outlet, the entrained soil material moves downward 
within the soil and may move out of the soil completely resulting in the formation of 
tunnels, which are also referred to as pipes that enlarge and merge.  The portion of 
the tunnel near the inlet may sometimes enlarge disproportionately forming a funnel-
shaped feature, which is often referred to as a “jug”.  Hence, this erosion process is 
often termed as “piping” and  “jugging”.  IRII (2001) added that tunnel erosion is 
favored by the presence of a considerable amount (concentration not reported) of 
exchangeable sodium.   
2.3.3 Rainfall Intensity and Runoff 
 Both rainfall and runoff factors must be considered in assessing water 
erosion.  The impact of raindrops on the soil surface can break down soil aggregates 
and disperse the aggregate material.  The raindrop splash and runoff water can 
easily remove lighter aggregate materials such as very fine sand, silt, clay and 
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organic matter.  However, larger sand and gravel particles require greater raindrop 
energy or runoff (Brady and Weil, 1996). 
 Soil movement by rainfall is usually greatest and most noticeable during 
short-duration, high intensity thunderstorms.  Although the erosion caused by long-
lasting, less-intense storms is not as spectacular or noticeable as that produced 
during thunderstorms, the amount of loss can be significant, especially when 
compounded over time (Brady and Weil, 1996).  Runoff can occur whenever there is 
excess water on a slope that cannot be absorbed into the soil or trapped on the 
surface.  Soil compaction due to wheel traffic also causes runoff.  As runoff 
increases because less water can penetrate the compacted zone, soil erosion 
usually increases (Jones et al., 1987).  Similarly, soil sealing can cause runoff 
because when the soil surface is covered with impervious material, permeability is 
reduced (Moore and Singer, 1990; Brown and Ward, 1996) thus, slowing down 
water movement and inducing ponding at the surface of the soil. 
2.3.4 Soil Erodibility 
 Soil erodibility is the propensity of the soil to erode, which depends upon soil 
properties such as texture, structure, and organic matter content (Levy et al., 2001).  
Soils with faster infiltration rate, higher levels of organic matter and improved soil 
structure have a greater resistance to erosion.  Sand, sandy loam, and loam-
textured soils tend to be less erodible than silt, very fine sand, and certain clay 
textured soils (Andraski et al., 1985). 
 Decreased infiltration and increased runoff can be a result of compacted 
subsurface soil layers.  A decrease in infiltration (Hillel, 1998) can also be caused by 
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the formation of a soil crust, which tends to seal the surface (Bennett, 1939).  Soil 
erodibility is also affected by past erosion.  Many exposed subsurface soils on 
eroded areas tend to be more erodible than the original soils were because of their 
poorer structure and lower organic matter (Arnold et al., 1987).  
2.3.5 Slope Gradient and Length 
 The amount of soil loss from water erosion is greater on steeper slopes.  Soil 
erosion by water also increases as the slope length increases due to greater 
accumulation of runoff (Hillel, 1998).  For agricultural land, consolidation of smaller 
fields into larger ones often results in longer slope lengths with increased erosion 
potential due to increased velocity of water that permits a greater degree of scouring 
or sediment carrying capacity (Arnold et al., 1987).  Reduced infiltration will cause 
water ponding for longer periods following rainfall on a field with surface 
depressions. Once depressions are full, there will be more surface runoff because of 
the slower infiltration rate especially on sloping land, increasing the risk of erosion 
(Jones et al., 1987).  Likewise, following ORV use in hilly areas, runoff is greatly 
increased up to maximum steady state discharges, which allow sediment to be 
scoured from longer portions of hill slopes (Hinckley et al., 1983). 
2.3.6 Vegetation 
 Soil erosion potential is increased if the soil has little or no vegetative plant 
and residue cover.  Plant and residue cover protects the soil from raindrop impact 
and splash.  Plants break the impact of a raindrop before it hits the soil, thus 
reducing detachment.  Vegetation tends to slow the movement of surface runoff and 
allows excess surface water to infiltrate (Arnold et al., 1987).  The erosion-reducing 
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effectiveness of plant and residue covers depends upon the type, extent, and 
quantity of cover (Brady and Weil, 1996; Hillel, 1998).   
2.3.7 Soil Compaction 
Soil compaction is a common effect of any compressive action on most soils.  
It occurs when soil particles are pressed together, reducing pore space between 
them.  Heavily compacted soils contain few large pores and have a reduced rate of 
both water infiltration and drainage from the compacted layer.  This occurs because 
large pores are the most effective in moving water through the soil when it is 
saturated (Arnold et al., 1987).  Compaction results from a variety of factors such as 
ORV use, trampling by grazers, human trampling (Nolte and Fausey, 1986; McNeary 
et al., 2002) and raindrops.  The major deleterious effect of driving on wet soils is 
that it causes soil compaction (Jones et al., 1987).  Soil porosity and density 
changes with increasing soil moisture content and as the vehicle axle loads 
increases (McBride et al., 1988). 
Excessive soil compaction reduces water movement into the soil causing 
ponding of water in wheel tracks for long periods (Nolte and Fausey, 1986).  The 
volume of soil compacted by a wheel pass varies with soil type, soil moisture, tire 
size, tire pressure, and total load.  Results of a study in Ohio showed that pressures 
are transmitted deeper into wet soil than in dry soil by the same tire size and wheel 
load.  Nolte and Fausey (1986) indicated that the infiltration rate for a moist silt loam 
soil  (0.1 in/hr when 14 lbs/in2 compaction pressure was applied) would be reduced 
to one-tenth (0.01 in/hr) when the pressure is doubled (28 lbs/in2).  This slower rate 
of infiltration results in a slower recharge of soil moisture during rainfall or surface 
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irrigation for agricultural soils.  Reduced infiltration causes ponding for longer periods 
of time and more surface runoff increases the risk of erosion, especially on sloping 
land (Jones et al., 1987).  
Soil compaction changes porespace size and distribution, and soil strength. 
One way to quantify the change is by measuring the bulk density. As the pore space 
is decreased within a soil, the bulk density is increased. Soils with a higher 
percentage of clay and silt, which naturally have more pore space, have a lower bulk 
density than sandier soils.  Soil compaction can also be measured by using a cone 
penetrometer.  A cone penetrometer measures the soil strength or shearing 
resistance of soils, which is expressed in terms of cone index.  Reducing soil 
compaction or restricting vehicle operation when the resistance of soils to shearing 
forces of vehicle tires is greatest is a valuable erosion control measure (Morgan, 
1980).   This involves soil trafficabilty analysis and creating trafficabilty maps to 
identify the location of soils that are suitable or not suitable for vehicle traffic. 
2.3.8 Predicting Soil Erosion  
 Many studies regarding the prediction of soil loss have been published in 
different journals.  Several models are being used to estimate soil loss including the 
Universal Soil Loss Equation (USLE), the Revised Universal Soil Loss Equation 
(RUSLE), and the Water Erosion Prediction Project Model (WEPP).  These models 
are being used by USDA and other investigators worldwide to help conserve the 
nation’s and the world’s natural resources.  Many USDA-Agricultural Research 
Service (ARS) investigators use the Revised Universal Soil Loss Equation (RUSLE) 
to model erosion as well as in conservation planning (Yoder and Lown, 1995). 
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RUSLE is a model to estimate soil loss from a hillslope caused by raindrop 
impact and overland flow, referred to as interrill erosion, and rill erosion (Toy et al., 
1998).  However, it does not estimate gully or stream-channel erosion.  The RUSLE 
model is a set of mathematical equations that estimate average annual soil loss and 
sediment yield resulting from interril and rill erosion.  According to Toy et al. (1998), 
the model was derived from the theory of erosion processes, more than 10,000 plot 
years of data from natural rainfall plots and numerous rainfall-simulation plots.  The 
mathematical equation for RUSLE is as follows: 
A = R x K x LS x C x P       [eq. 1.1] 
where A = Average annual soil loss in tons acre-1 year-1 
 R   = Rainfall / runoff erosivity 
 K   = Soil erodibility 
 LS = Hillsope length and steepness 
 C   = Cover and management 
 P  = Support practice. 
The R factor is an expression of the erosivity of rainfall runoff at a particular location.  
It increases as the amount and intensity of rainfall increase.  The K factor is the 
inherent erodibility of the soil or surface material at a particular site under standard 
experimental conditions.  The value of K is a function of the particle size distribution, 
organic matter content, soil structure, and permeability of the soil or surface material.    
The effect of topography, specifically hill slope length and steepness, on rates of soil 
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loss is expressed by the LS factor. The LS factor increases and accelerates in the 
down slope direction.  However, this assumption is valid only for lands with overland 
flow.  It may not be valid for forest and other densely vegetated areas.  The C factor 
is an expression of the effects of surface covers and roughness, soil biomass, and 
soil-disturbing activities on rates of soil loss.  A low C value means greater surface 
cover and soil biomass; thus, soil is protected from rain splash and runoff.  The 
effects of supporting conservation practices such as contouring, buffer strips of 
close-growing vegetation, and terracing on soil loss is expressed by the P factor.  
The installation of these practices reduces runoff volume and velocity, hence a 
decrease in the P-value.  It is suggested that the user of the model calculate C and 
P values through the RUSLE equations because the effectiveness of these practices 
varies with local conditions. 
2.4 SUMMARY AND CONCLUSIONS 
 The increasing popularity of ORVs for outdoor recreation poses an 
environmental threat to parks and national forests.  Results of various scientific 
investigations reveal that improper ORV use and other human activities such as 
biking, and trampling, causes irreversible soil degradation and water problems.  
ORVs compact and disrupt the soil, reducing infiltration capacity and increasing the 
intensity of runoff.  Vegetation acts as a soil stabilizer, especially in hilly areas.  
When vegetation is damaged and new trails are created up and down slopes, the 
erosive effectiveness of runoff increases. 
To prevent or minimize such problems, especially in parks and national 
forests, proper management strategy and knowledge of the physical, chemical, and 
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other characteristics of the soil is crucial.  This can be achieved through various 
erosion measurement and prediction techniques.  Information about combinations of 
climate and geology, vegetation, and topography in relation to trail degradation 
would be useful in reducing erosion impacts from ORVs and other users.   
The most widely used erosion prediction method is the RUSLE model, which 
predicts the annual soil loss per year based upon the combination of the effect of 
rainfall or runoff erosivity, soil erodibility, slope gradient and length, vegetation and 
management practices.  Soil trafficability analysis is also essential particularly when 
managing the trails.  Other investigators had used the following objectives to help 
successfully study and manage the actual trails in their sites: (1) determine the 
appropriate trail characteristics for various ORVs, (2) assess the suitability of 
existing routes for ORV use, (3) determine the attitudes of key stakeholders have 
towards an ORV trail system, and (4) understand the level of interest and the type of 
people who participate in ORV recreation.  Some of the methods they used to 
address these objectives were field observations of the existing routes, map analysis 
of the trails, in-depth interviews with key stakeholders, and telephone surveys of 
ORV users who have been on the trails. 
Georeferencing of the trails and soil and trail characterization can be 
accomplished using GIS software such ESRI’s ArcView and Intergraph GIS.  
Likewise, spatial analysis of soils data with respect to erosion, compaction, and 
trafficability can be performed, I believe, using special programs such as CrimeStat, 
a windows-based spatial statistics program used for identifying crime hot spots or 
areas with the most number of crime occurrences.  The program, for example, can 
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be used to map soils with erosion or compaction potential.  The combination of 
specific software and GIS spatial data analysis techniques are valuable tools that 
can be used to identify soils that are suitable or not suitable for vehicle traffic 
especially ORVs.  Results from these analyses can be used to properly manage 
forests with ORV facilities like the Kisatchie National Forest in Louisiana.  For 
example, to mitigate trail erosion, management practices can be modified or 
intensified by closing or rerouting trails traversing soils that are not suitable for ORV 
use.    
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CHAPTER 3 
SPATIAL DATA ANALYSIS OF SOILS WITHIN THE KISATCHIE NATIONAL 
FOREST USING GEOGRAPHICAL INFORMATION SYSTEMS 
 
3.1 INTRODUCTION 
Soil is a very important natural resource because it supports life on earth.  It is 
a three-dimensional natural body that is composed of minerals, organic matter, and 
various species of organisms.  It has many functions and can be grouped into five 
vital ecological roles.  Brady and Weil (1996) summarized the key roles of soil as 
follows: 1) medium for plant growth, 2) system for water supply and purification, 3) 
recycling system for nutrients and organic wastes, 4) habitat for soil organisms, and 
5) engineering medium.   
Soil has chemical, biological, and physical properties, some of which are 
dynamic and are management dependent.  It supports plant growth and diversity by 
providing medium for plant roots and supplying essential nutrient elements.  It 
regulates the distribution of water and the storage of water and solutes such as 
nitrogen, phosphorus, pesticides, other nutrients and water-dissolved compounds.  
Basic elements from waste products and body parts of plants, animals, and people 
are dissimilated and recycled within the soil.  Soil also acts as a filter to protect the 
quality of water, air, and other resources.  Soil quality determines the nature of plant 
ecosystems and the capacity of land to support animal life and society (Brady and 
Weil, 1996).  Knowledge of the soil quality in a specific area is therefore important 
for proper soil management.  
Soil quality is defined as the “capacity of a specific kind of soil to function 
naturally or within managed ecosystem boundaries, to sustain plant and animal 
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productivity, maintain or enhance water and air quality, and support human and 
health habitation” (Mausbach and Seybold, 1998; USDA-NRCS, 2001).  Effective 
soil management strategy that will enhance soil quality depends upon the amount of 
information available about the soil. Improved soil quality will benefit cropland, 
rangeland, and woodland.  This will help improve water and nutrient use efficiencies, 
and water and air quality.  In addition, enhanced soil quality will help reduce soil 
erosion problems.  Hence, it is essential to develop a way of providing spatial 
information about the soil to aid planners and decision makers in proper 
management for specific purpose.    
The use of geographical information systems (GIS) is extremely useful in 
scientific investigations, resource management, development planning and providing 
spatial information about the soil to aid decision-making processes.  As investigators 
continue to explore their data, many definitions of GIS have developed.  ESRI (1999) 
defined GIS as a method to manipulate, analyze, and display spatial data. It is a 
system of computer hardware, software, and data, and personnel to help 
manipulate, analyze, and present information that is tied to a spatial location, usually 
a geographic location.  Others described GIS as the telescope, the microscope, the 
computer, and the copy machine of regional analysis and synthesis of spatial data 
(Abler, 1988).  Databases in tabular forms are difficult to interpret.  Visualization 
through GIS is an important factor that will help investigators to easily learn more 
information from the data, which will eventually help in the interpretation and 
decision-making processes.  
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GIS link or integrate different sets of information that are difficult to associate 
through any other means.  Thus, a GIS can use combinations of mapped variables 
to build and analyze new variables (USGS).  Using maps of wetlands, slopes, 
streams, land use, and soils, the GIS might produce a new map layer or overlay that 
ranks the wetlands according to their relative sensitivity to damage.  
The USDA-Forest Service (FS) owns and manages a substantial area within 
the Kisatchie National Forest (KNF).  KNF, the only national forest in Louisiana, is 
often used for recreation and outdoor activities including biking and off road vehicle 
(ORV) riding.  The USDA-FS maintains designated trails within the forest for ORV 
use, but many ORV users create their own trails, which are apparently causing soil 
erosion problems.  A scientific investigation of the soils within KNF is therefore 
necessary to be able to manage the forest properly, especially with respect to 
closing or opening of the trails for ORV use.  The objectives of this chapter were to 
perform spatial data analyses using GIS and to present and summarize the spatial 
distribution and nature of the soil resource within KNF in a thematic and graphical 
format.  This chapter shows the areal distribution of the primary and secondary soil 
attribute layers in Kisatchie, Calcasieu (Evangeline Unit), and Catahoula districts of 
the KNF.  
3.2 MATERIALS AND METHODS 
 
3.2.1 Location and Description of the Study Area 
 The KNF has facilities for camping and lakes for swimming, fishing, and 
boating.  The KNF has 355 miles of trails for hiking, camping, biking, horseback 
riding, and ORV riding.  Elevations throughout the forest range from 80 feet above 
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sea level in the creek bottoms to approximately 400 feet in the Kisatchie Hills.  It is 
composed of five ranger districts that are geographically separated from one another 
(Figure 3.1).  The total area of the five districts is 1,040,000 acres including the 
water bodies.  Approximately 58% (604,000 acres) is located in the north central part 
of the state (Caldwell and Brasseaux, 1999) with approximately 446,000 acres of 
private land (Figure 3.2).  This chapter discusses both FS and private lands in the 
forest. 
3.2.1.1 Catahoula District 
 The Catahoula Ranger District (CRD) is a relatively flat area located in Grant 
Parish, Central Louisiana or about 120 miles northwest of Baton Rouge and 12 miles 
north of Alexandria.  Its land area is approximately 188,236 acres, of which, the FS 
owns about 124,187 acres.  The district contains Stuart Lake Recreation Complex, 
which offers visitors a scenic setting and opportunities to picnic, swim, fish, or hike.  
There are two major trails within CRD; namely, the Glenn Emery trail that is 
designated for hiking and biking, and the Grant Dogwood trail, a designated trail for 
driving.  Eleven miles of user-created trail have been added to the 51 miles of FS 
designated trail (Figure 3.2).  
3.2.1.2 Calcasieu District 
 The Calcasieu district is located in Rapides Parish, Louisiana.  Like the 
Catahoula district, Calcasieu is a relatively flat area.  This district is comprised of two 
units: the Evangeline (197,200 acres) located near Alexandria, LA and the Vernon 
(117,500 acres) located near Leesville, LA.  The FS owns approximately 99,013 
acres of land within the Evangeline Unit (ERD) and the rest is privately owned.  ERD 
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Figure 3.1. Map of the Kisatchie National Forest in Louisiana.  The Forest consists of five Ranger
Districts namely Caney, Winn, Catahoula, Kisatchie, and Calcasieu (Evangeline and
Vernon Units).











Kisatchie National Forest Districts
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Figure 3.2. Map of Federal government owned lands and trails within the Catahoula (CRD), 
Evangeline Unit, Calcasieu (ERD), and Kisatchie (KRD) Ranger Districts. 












has a number of different habitats that include long-leaf pine, mixed hardwoods, 
beech-magnolia, seeps, and riparian zones.  It also contains a number of rare and 
endangered orchids and bog moss.  These are located in the Wild Azalea Seep 
through the mixed hardwoods of the district.  ERD has 34 miles of FS designated 
trails and 98.5 miles of user-created trails (Figure 3.2).  Vernon Unit is located near 
Leesville, Louisiana.  This part of Calcasieu district is composed of longleaf pine 
ecosystem, Fullerton Lake Recreational Complex, and Little Cypress Recreational 
Complex. 
3.2.1.3 Kisatchie District 
 Unlike the Catahoula and Calcasieu districts, the Kisatchie district (KRD) is 
located within rolling hills of Natchitoches Parish, Louisiana.  Some of the more 
rugged hills in the district are quite steep (up to 40% slope) and rocky (USDA-FS, 
2001).  KRD is comprised of approximately 177,591 acres.  Of this area, about 
103,900 acres are FS land (Figure 3.2).  The Longleaf Vista and Kisatchie Bayou 
Recreation areas are located within this district.  KRD has 17 miles of trail for ORV 
riders.  The trail includes the Longleaf, Caroline Dorman, and Sandstone trails.  
3.2.2 Data 
The FS provided the soils data, which consists of the primary and secondary 
attributes of the soil within the forest.  The primary attribute of soil is the soil map 
unit.  A soil map unit consists of one or more major soils and some minor soils.  
However, it is named for the major soils.  Some soils that make up one unit can 
occur in other units but in a different pattern (Kilpatrick, et al., 1986; Martin, et al., 
1990).  The secondary attributes of the soils include textural class; drainage class; 
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slope; landform; and ratings for potential erosion, compaction, rutting.  Ratings of 
slight, moderate, or severe, were used to indicate the degree of major soil 
limitations.  According to USFS, the following ratings were used for the suitability of 
soils for ORV trails based upon soil and site conditions:  
1. Slight or good – Soil and site conditions indicate that rail locations on 
these soils would not significantly affect the soil and water resources.  
Water quality would be maintained using normal erosion control measures 
and normal use.  There are few, if any, restrictions for construction and 
use.  Maintenance costs should be minimal.  These are the most suitable 
soils in the survey area for trail location and use. 
2. Moderate or fair – Soil and site conditions indicate that trail locations on 
these soils could significantly affect the soil and water resources and/or 
could result in additional construction and maintenance costs.  Some 
additional costs would be required for controlling surface water runoff, 
construction, maintenance, and revegetating sections, which would result 
in restricting use.  Use would also be restricted during wet months of the 
year. 
3. Severe or poor – Soil and site conditions indicate that trail locations on 
these soils will significantly affect the soil and water resources without the 
use of costly mitigating measures.  The increased mitigation and 
necessary maintenance would limit and restrict use to dry weather 
conditions. 
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With respect to erosion hazard, ratings were accomplished on bare soil that 
resulted from various forest management activities.  Erosion hazard ratings were 
based upon slope gradient, slope length, and erodibility of the soil (K-factor).  
Erosion hazard becomes more severe as the slope increases in steepness and 
length and the K-factor increases.  The ratings shown in Table 3.1 were based upon 
a slope length greater than 66 feet.   
Table 3.1.  Erosion hazard ratings for soils located within the KNF. 
K-factor % Slope Erosion Hazard Rating 
> 0.32 0-2 Slight 
 2-8 Fair 
 >8 Poor 
0.24-0.32 0-5 Slight 
 5-12 Moderate 
 >12 Severe 
0.18-0.22 0-8 Slight 
 8-15 Moderate 
 >15 Severe 
<0.18 0-15 Slight 
 15-20 Moderate 
 >20 Severe 
 
The rutting hazard ratings were based upon the occurrence of a depression 
or a furrow with a depth of 3 inches or more due to soil wetness.  Soils were given a 
slight rating if they do not rut easily.  A moderate rating is assigned to soils that rut 
when the soil is wet.  Activities on these soils should be restricted to drier periods 
when possible.  A severe rating is assigned to soils that rut easily when the soil is 
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wet.  Activities on these soils should be restricted to dry weather months only.  
Based upon the soil drainage classes, the ratings in Table 3.2 were used for rutting 
hazard:  The compaction hazard ratings were based upon soil textural classes, soil 
drainage classes, and water table (duration and depth).  The criteria table for 
compaction hazard ratings is shown in Table 3.3. 
Table 3.2.  Rutting hazard ratings for soils located within the KNF. 
Soil Drainage Class Soil Rutting Rating 
Excessively drained Slight 
Somewhat excessively drained Slight 
Well drained Slight 
Moderately well drained Moderate 
Somewhat Poorly drained Moderate 
Poorly drained Severe 
Very poorly drained Severe 
 
 The taxonomic classes (USDA-NRCS web site) of the major soil series found 
in CRD, ERD, and KRD are presented in Table 3.4.  The classification was based 
upon soil properties observed in the field or inferred from those observations or on 
laboratory measurements (Soil Survey Staff, 1951).  The data were previously 
collected by the USDA-NRCS and summarized in the Soil Survey of Grant 
(Kilpatrick, et al., 1986), Rapides (Kerr, et al., 1980), and Natchitoches (Martin, et al., 
1990) Parishes.  In the early 1990s the USDA-FS refined the data and compiled it 
into a GIS database.  Digitized soil maps of the different districts including the 
designated and user-created trails were provided.  Each polygon in the map 
represents a soil map unit that is associated with the different chemical and physical  
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Table 3.3.  Compaction hazard ratings for soils located within the KNF. 
Soil Surface 
Texture 




Sandy Somewhat excessively <3 Slight 
 Well drained   
Clayey Somewhat poorly drained 3-6 Moderate 
 Moderately well drained   
 Excessively drained   
Loamy Poorly drained 6-121; 102 Severe 
 Very poorly drained   
1Duration (mo.) 
2Depth (in.) 
characteristics of the soil.  Each soil map unit was rated for erosion, rutting, and 
compaction.  The soil suitability ratings, limitations, and management for specified 
land uses were based upon the steepness, length, and shape of slope; the general 
pattern of drainage; kinds of crops and native plants growing on the soils; and kinds 
of bedrock (Kerr, et al., 1980; Kilpatrick, et al., 1986; Martin, et al., 1990). 
3.2.3 Spatial Data Analysis 
Spatial data analysis was performed using ArcView3.2 GIS software.  The 
choropleth technique was used to quantitatively analyze and visually show the 
spatial or areal distribution of the primary and secondary attributes of soils within the 
forest.  Maps were created to visually show the aerial distribution of soils with 
potential for compaction, rutting and erosion.  Maps showing the areal distribution of 
landform, soil drainage classes or soil moisture conditions and soil surface and  
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Table 3.4. Taxonomic classes of the major soil series found in CRD, ERD, and KRD. 
Soil Series Taxonomic Class 
Acadia Fine, smectitic, thermic Aeric Epiaqualfs 
Anacoco Fine, smectitic, thermic Vertic Albaqualfs 
Beauregard Fine, silty, siliceous, superactive, thermic Plinthaquic Paleudults 
Betis Sandy, siliceous, thermic Lamellic Paleudults 
Boykin Loamy, silicieous, active, thermic Arenic Paleudults 
Briley Loamy, siliceous, semiactive, thermic Arenic Paleudults 
Caddo Fine-silty, siliceous, active, thermic Typic Glossaqualfs 
Cadeville Fine, mixed, active, thermic Albaquic Hapludalfs 
Cahaba Fine-loamy, siliceous, semiactive, thermic Typic Hapludults 
Forbing Very-fine, smectitic, thermic Vertic Paleudalfs 
Glemnora Fine-silty, siliceous, active, thermic Glossaquic Paluedalfs 
Gore Fine, mixed, active, thermic Vertic Paleudalfs 
Guyton Fine-silty, siliceous, active, thermic Typic Glossaqualfs 
Kisatchie Fine, smectitic, thermic Typic Hapludalfs 
Keithville Fine-silty, siliceous, semiactive, thermic Glossaquic Paleudalfs 
Kolin Fine-silty, siliceous, active, thermic Haplic Glossudalfs 
Malbis Fine-loamy, siliceous, subactive, thermic Plinthic Paleudults 
Mayhew Fine, smectitic, thermic Chromic Dystraquerts 
Metcalf Fine-silty, siliceous, semiactive, thermic Aquic Glossadalfs 
Moreland Very-fine, smectitic, thermic Oxyaquic Hapluderts 
Morse Fine, mixed, superactive, thermic Chromic Hapluderts 
Ochlochonee Coarse-loamy, siliceous, active, acid, thermic Typic Udifluvents 
Oula Fine, smectitic, thermic Vertic Hapludalfs 
Perry Very-fine, smectitic, thermic Chromic Epiaquerts 
Rigolette Fine-loamy, siliceous, active, thermic Typic Epiaqualfs 
Ruston Fine-loamy, siliceous, semiactive, thermic Typic Paleudults 
Sacul Fine, mixed, active, thermic Aquic Hapludults 
Smithdale Fine-loamy, siliceous, subactive, thermic Typic Hapludults 
Vaiden Very-fine, smectitic, thermic Aquic Dystruderts 
Yorktown Very-fine, smectitic, nonacid, thermic Vertic Epiaquepts 




subsurface textures within the forest were likewise created.  The summarize zones 
technique was employed for the quantitative analysis of the data. 
3.2.4 Quantitative Data Analysis Using Choropleth Technique 
The areal distribution of soils with potential for erosion, compaction, and 
rutting was determined using the choropleth technique through ArcView 3.2.  The 
technique is the most commonly used means of displaying areal data.  Choropleth 
maps are constructed from values describing the properties of non-overlapping 
areas (Longley et al., 2001) and segregate regions or areas that have the same 
characteristics.  Each area is colored or shaded to symbolize the value of a specific 
variable like soil erosion ratings or soil drainage classes.  These maps are very 
useful for making visual comparisons.  Choropleth maps were also created to 
qualitatively and quantitatively show the spatial variability of landform, soil map units, 
soil texture, and soil drainage classes or soil moisture conditions within the study 
sites 
3.2.5 Quantitative Data Analysis Using Summarize Zones Technique 
 The areal distribution of soils that have potential for erosion, rutting and 
compaction were tabulated and quantified using the Summarize Zones technique 
through ArcView’s Extension Spatial Analyst 2.0.  The Summarize Zones technique 
is a statistical tool that can be used to determine summary statistics such as mean 
and standard deviation.  Likewise, spatial variability of soil mapping units, soil 
texture, landform, and soil drainage classes or soil moisture conditions were 
quantified.  The spatial analyst extension was used as a tool to identify spatial 
relationships for a particular data theme.  The main component of the spatial analyst 
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was the grid theme, which was the raster equivalent of the feature theme (ESRI, 
1999).  The summarize zones technique was used to compute charts and tables.  
The output values were a function of the value of the cells in an input value grid 
theme found within each zone in the zone theme. The values in the input value grid 
theme were soil erosion ratings, soil drainage classes, and landform.  Through this 
technique, the statistics for the total area of soils that were, for example, severely 
erosive and at the same time severely compacted were generated.  In the output 
table, the number of rows was equal to the number of zones or classes defined in 
the input zone theme.  Each row value represented the corresponding zone or class. 
The columns in the output table were the number of cells of the input value theme 
within each zone of input zone theme, the area of the input value grid theme 
contained within each zone of the input zone theme, and statistics of the values of 
the input value grid theme within each zone of the input zone theme.  The output 
table from summarize zones was generated from a dbase file written into the 
working directory of the project.  The dBase file was then exported as a spreadsheet 
and histograms were created to display the data, easily reveal the information and 
make visual comparisons among the different attributes. 
3.3 RESULTS AND DISCUSSION 
3.3.1 Spatial Distribution of Primary and Secondary Attributes of Soil  
 The primary and secondary attributes of the soils were analyzed to visually 
illustrate the spatial distribution of the soils within the forest.  Thematic (categorical 
classification) and choropleth maps (numerical classification) were generated. The 
maps consisted of groups of different shades and colors.  For each map, areas with 
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similar shades or colors represented soils with similar chemical and physical 
characteristics.  For example, if the data was analyzed according to soil moisture 
class, then all moist soils were grouped together and assigned a unique color or 
shade and likewise for dry and wet soils.  Using the choropleth map, it was easy to 
visualize and interpret the data.  Moreover, the soils were easily delineated with 
respect to their attributes depending on the purpose.  The spatial distribution of soils 
was quantified using the summarize zones technique.  A set of values was 
generated to represent the area (acres) of each of the uniquely colored or shaded 
area or regions in the map.  These values were then displayed in a graphical format 
to simplify the data and show trends.   
3.3.2 CRD Soil Attributes 
3.3.2.1 Soil Map Units 
The spatial or areal distribution of soil map units in CRD based upon 
choropleth and summarized zones techniques are shown in Figures 3.3 and 3.4.  
The district was composed of 1,491 delineations or polygons and there were 16 soil 
map units.  Each polygon represented one map unit.  The most extensive soil map 
unit was Smithdale (125 polygons), which occupied the largest area of about of 
51,869 acres (27.24%) followed by Ruston (381 polygons) with 36,234 acres 
(19.03%) and Guyton (72 polygons) with 28,760 acres (15.1%).  Malbis, Cadeville, 
and Glenmora units were likewise extensive.  These soils occupied 12.08%, 8.99%, 





Figure 3.3. Map of soil map units within the Catahoula Ranger District (CRD). 



































































Figure 3.4. Areal distributions of soil map units within the 
Catahoula Ranger District (CRD). 
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3.3.2.2 CRD Landform 
 Landforms are recognizable shapes that make up part of the earth’s surface.  
In CRD, there were six landforms as follows: floodplain, ridge top, side slope (5-
20%), steep side slope (20-40%), stream terrace, and upland flat.  The map for CRD 
landform is shown in Figure 3.5.  Most of the soils were located on upland flat, 
floodplain and side slope (Figure 3.6), which comprised about 35% (28,257 acres) of 
the total area.  The upland flat occupied 26% (50,007 acres) and ridge top occupied 
almost 22% (41,635 acres) of CRD. 
3.3.2.3 Soil Surface and Subsurface Texture 
Textural class indicates the relative proportion of mineral particles such as 
sand, silt and clay.  Texture gives an indication of the physical characteristics of soil 
(Brady and Weil, 1996).  Together with structure, texture determines soil pore space 
relationships and the ability of the soil to transmit water and air (Hausenbuiller, 
1978).  The majority of the soils within the CRD had a loamy surface (Figure 3.7) 
and subsurface (Figure 3.8) and comprised 81% (153,422 acres) and 60% (114,145 
acres) of the total area of the district, respectively (Figures 3.9).  Loamy soils 
included loam, clay loam, sandy clay loam, silt loam, silty clay loam, and sandy loam 
textural classes.  The subsurface soils were clayey (silty clay, clay) soils.   
3.3.2.4 Soil Moisture Classes 
The CRD has three soil moisture classes namely; dry (well drained), moist 
(moderately well drained, somewhat poorly drained), and wet, (poorly drained).  The 
map in Figure 3.10 shows the areal distribution of the soil drainage classes for CRD.  
Dry (46%) soils comprised the greatest percentage of the area, followed by moist 
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Figure 3.5. Map of landforms within the Catahoula Ranger District (CRD). 














Figure 3.6. Areal distributions of landforms within the Catahoula 



























Figure 3.7. Map of soil surface textural classes within the Catahoula Ranger District (CRD). 










Figure 3.8. Map of soil subsurface textural classes within the Catahoula Ranger District (CRD). 










Figure 3.9. Areal distributions of soil textural classes within the 
































Figure 3.10. Map of soil moisture classes within the Catahoula Ranger District (CRD). 










and wet with 36% and 16%, respectively (Figure 3.11).  More than 50% of CRD area 
was prone to soil degradation, especially during the wet or rainy season because the 
soil moisture condition had a distinct effect on the compressibility of the soil, its load-
bearing capacity and its stability on sloping surfaces (Hausenbuiller, 1978).  
Variation in the soil water content can likewise affect consistency properties.  
However, the majority of the trails traversed dry soils hence, soil erosion due to 
intensive ORV use were not a concern in CRD. 
3.3.2.5 Soil Compaction Potential 
 Soil compaction is the process of increasing density by packing the particles 
closer together and reducing pore space.  It can reduce and disrupt soil porosity and 
decrease water and air movement into and through the soil (Brady and Weil, 1996).  
Compaction is soil texture dependent.  Hence, the soils with in the CRD were rated 
for soil compaction potential based upon soil texture.  Figure 3.12 illustrates the 
areal distribution of soils with potential for compaction.  Loamy and clayey soils were 
rated with severe compaction potential, which was almost 52% (99,003 acres) of the 
district (Figure 3.13).  Soils rated with moderate compaction potential comprised 
about 47% (89,191 acres) of CRD and the remaining area was rated with slight 
potential for compaction.  Result of the spatial analysis indicated that about half of 
the soils in the district have the potential for soil erosion because soil compaction 
can also increase surface water runoff.  
3.3.2.6 Soil Rutting Potential 
 Rutting is a problem in the forest especially when there is precipitation for a 
continuous number of days.  Rutting or “mud hole” is a result of depressions made 
 50
 
Figure 3.11. Areal distributions of soil moisture classes within the 



























Figure 3.12. Map of soil compaction potential within the Catahoula Ranger District (CRD). 











Figure 3.13. Areal distributions of soil compaction potential within 



























by the tires of vehicles such as log trucks and ORVs usually under wet conditions.  
The ratings for rutting potential were based upon soil moisture and are displayed in 
Figure 3.14.  Soils with severe rutting potential comprised 19% (36,246 acres) of 
CRD. Approximately 33% (62,757 acres) of the area consisted of soils with 
moderate potential and 47% (89,997 acres) had slight potential for rutting (Figure 
3.15). 
3.3.2.7 Soil Erosion Potential 
 Soil erosion is a concern of the FS, especially during rainy season.  It occurs 
in FS- designated and user-created trails due to improper ORV trail construction and 
use of the trails even when the soils are saturated with water.  Obviously, the tires of 
the vehicles cause ruts and compaction that channelize water and lead to soil 
erosion.  Results of the spatial analysis for the ratings for soil erosion potential in 
CRD are presented in Figure 3.16.  As revealed in the choropleth map, a very small 
region represented soils with severe erosion potential, which comprised only 7.37% 
(14,835 acres) of CRD (Figure 3.17).  Most of the area had slight potential, which 
was 60.94% (116,040 acres) and about 30.53% (58,125 acres) had moderate 
potential for erosion.   
3.3.3 ERD Soil Attributes 
3.3.3.1 Soil Map Units 
ERD is composed of 2861 delineations or polygons and 24 water body units.  
As shown in the choropleth map (Figure 3.18), each soil map unit is displayed in 
different colors and shades.  Smithdale soils was the largest unit, which comprising 
approximately 27% (53,989 acres) of the district.  Gore and Guyton soils occupied 
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Figure 3.14. Map of soil rutting potential within the Catahoula Ranger District (CRD). 











Figure 3.15. Areal distributions of soil rutting potential within the 



























Figure 3.16. Map of soil erosion potential within the Catahoula Ranger District (CRD). 











Figure 3.17. Areal distributions of soil erosion potential within the 





























Figure 3.18. Map of soil map units within the Calcasieu (Evangeline Unit) Ranger District (ERD). 





























almost similar areas, which were 11.5% (22,565 acres) and 11% (21,618 acres).  
The other soils areal extent ranged from 0.1 to 8.9% of ERD (Figure 3.19).  A 
majority of the trails that is FS-designated and user-created traversed Smithdale, 
which is the most extensive soil.  Some user-created trails also crossed streams. 
3.3.3.2. ERD Landform 
 Eight landforms comprised the ERD namely: swamp, floodplain, stream 
terrace, upland flat, lower slope, side slope, steep side slope, and ridge top.  The 
areal extent of each of these landforms is presented in Figure 3.20.  The most 
extensive landform, the side slope, encompassed 36.7% (72,351 acres) of the 
district (Figure 3.21).  This was followed by upland flat with 21.5% (42,405 acres) 
and floodplain with 16.2% (31,813 acres).  The area occupied by the other landforms 
ranged from 0.87 to 2.8%. 
3.3.3.3 Soil Surface and Subsurface Texture 
The definitions for soil textural classes were described in section 3.3.2.  The 
majority of the soils within ERD have loamy surface (92%) (Figure 3.22) and 
subsurface textures (76 %)(Figure 3.23).  These comprised 64% (125,687 acres) 
and 51% (99,618 acres) of the total area of the district, respectively (Figure 3.24).  In 
the southern and western portion of the district, most of the soils were loamy.  In the 
northeast portion, the soils were clayey.  The surface and subsurface textures varied 
across the district.  In addition to loamy soils, surface textural class included sandy 





Figure 3.19. Areal distributions of soil map units within the 






























































Figure 3.20. Map of landforms within the Calcasieu (Evangeline Unit) Ranger District (ERD). 
















Figure 3.21 Areal distributions of landforms within the Calcasieu 


















































   
Figure 3.22.  Map of soil surface textural classes within the Calcasieu (Evangeline Unit) Ranger District 
(ERD). 
 






































Figure 3.23.  Map of soil subsurface textural classes within the Calcasieu (Evangeline Unit) Ranger  
District (ERD). 
 











Figure 3.24.  Areal distributions of soil textural classes within the 































3.3.3.4 Soil Moisture Classes 
Soils within the ERD are classified into five moisture classes:  waterlogged 
(very poorly drained), wet (poorly drained), moist (moderately well drained, 
somewhat poorly drained), dry (well drained), and droughty (somewhat excessively 
drained).  The most extensive moisture class was dry followed by moist soils (Figure 
3.25). Dry soils covered 45% (89,364 acres) of the district.  Moist soils located in the 
midwest portion of the district, comprised 36% (69,958 acres) (Figure 3.26).  Wet, 
droughty, and waterlogged soils comprised 11% (21,618 acres), 5% (10,056 acres), 
and 1% (1,557 acres) of ERD, respectively.  Similar to the CRD, almost 50% of ERD 
soils were prone to soil degradation because moist and wet soils comprised half of 
the district.  Hence, ORV use in these regions should be restricted for, especially 
during the wet season.   
3.3.3.5 Soil Compaction Potential 
 Similar to CRD, soils in ERD were rated for soil compaction potential based 
upon soil texture.  Soils in the western part of the district were rated with severe 
compaction potential (Figure 3.27).  This represented approximately 52% (102,373 
acres) of the area (Figure 3.28).  Conversely, soils in the eastern part, which covers 
40% (78,574) of the district, were rated with moderate potential.  Only 6% (11,606 
acres) was rated with slight potential for compaction.  Based upon the ratings, more 
than half of ERD was at risk for soil erosion during frequent ORV use. 
3.3.3.6 Soil Rutting Potential  
 Figure 3.29 shows the areal distribution of soils with soil rutting potential.  





























   
Figure 3.25.  Map of soil moisture classes within the Calcasieu (Evangeline Unit) Ranger District (ERD). 
 













Figure 3.26.  Areal distributions of soil moisture classes within the 












Waterlogged Wet Moist Dry Droughty










































   
Figure 3.27.  Map of soil compaction potential within the Calcasieu (Evangeline Unit) Ranger District (ERD). 











Figure 3.28.  Areal distributions of soil compaction potential within 






















































   
Figure 3.29.  Map of soil rutting potential within the Calcasieu (Evangeline Unit) Ranger District (ERD). 










potential, 35% (68,841 acres) with moderate potential, and 14% (27,082 acres) with 
severe potential (Figure 3.30).  Soils with slight potential for rutting were located in 
the eastern part of the district.  Repeated use of this region by ORV users, especially 
during the wet season will result in severe rutting even if they are rated with slight 
potential.  This severe rutting will eventually cause soil erosion problems.  The 
choropleth map helps locate areas in the forest that are at risk of soil degradation 
problems.   
3.3.3.7 Soil Erosion Potential 
 The ratings for erosion potential of ERD soils are displayed in Figure 3.31.  
Most of the soils rated with severe erosion potential were located in the northern part 
of the district.  They comprised 16% (32,298 acres) of ERD (Figure 3.32).  A majority 
of the soils across the district were rated with moderate potential, representing 44% 
(87,300 acres).  Soils rated with slight potential represented about 37% (72,955 
acres) of the district.  Rerouting or closing of the trails in the northern part of the 
district should be considered. 
3.3.4 KRD Soil Attributes 
3.3.4.1 Soil Map Units 
KRD is composed of 1673 soil delineations or polygons. These delineations 
were distributed among 25 soil map units including water bodies.  The most 
extensive soil map unit was Kisatchie-Oula (Figure 3.33), which comprised 17.41% 
(30,964 acres) of the district (Figure 3.34).  The next most extensive soil map units 
were Bellwood and Guyton-Lotus.  These soils were almost equally distributed with 
approximately a total of 14% (24,700 acres).  Betis (8.15%) and Anacoco (7.91%) 
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Figure 3.30.  Areal distributions of soil rutting potential within the 






















































   
Figure 3.31.  Map of soil erosion potential within the Calcasieu (Evangeline Unit) Ranger District (ERD). 











Figure 3.32.  Areal distributions of soil erosion potential within the 





















































   
Figure 3.33.  Map of soil map units within the Kisatchie Ranger District (KRD). 
 
































Figure 3.34.  Areal distributions of soil map units within the Kisatchie 





























































soils also covered considerable area of the CRD land, respectively.  The area 
composed of the other soils ranged from 0.08 to 4.18%.  Kisatchie-Oula and Guyton-
Lotus are soil complexes, which means that the soil map units are a combination of 
two soils, which are too complex to separate at the given scale of the soil map and/ 
or do not occur in a pattern that can be displayed at the given map scale.  The areal 
extent of Kisatchie soils is greater than Oula and so is Guyton greater than Lotus 
(Martin et al., 1990). 
3.3.4.2 Landform 
 Figure 3.35 shows the map for landform within KRD.  The map clearly 
displays the location and extent of the different landforms.  The lower half of the 
district was composed of a steep side slope, which covers about 17% (30,964 acres) 
(Figure 3.36).  Above that shaded region were side slopes that comprised 21% 
(38,155 acres) and floodplain that covered 22% (39,092 acres).  The upland flat, 
with the largest area, covered 23% (40,275 acres).  Landform is equally important as 
the physical and chemical properties of the soil, especially with respect to erosion 
potential.  As discussed in chapter 2, water is the most important agent of erosion.  
Knowledge of the kinds and spatial distribution of landform in a particular area is 
valuable to determine how water moves or flows.  The information displayed through 
a map is much easier to obtain than from tabular data and an overall view that can 
be immediately understood and analyzes visually.  
3.3.4.3 Soil Surface and Subsurface Texture 
The map for KRD shows that the majority of soils had loamy surface texture 





























   
Figure 3.35.  Map of landforms within the Kisatchie Ranger District (KRD). 
 















Figure 3.36.  Areal distributions of landforms within the Kisatchie 


















































   
Figure 3.37.  Map of soil surface textural classes within the Kisatchie Ranger District (KRD). 
 





































   
Figure 3.38.  Map of soil subsurface textural classes within the Kisatchie Ranger District (KRD). 
 










covered 55% (98,151 acres) of the area (Figure 3.39).  The surface textures of the 
other soils were loamy, sandy, and clayey with areal extent of 26% (43,025 acres), 
11% (18,733 acres) and 8% (13,366 acres), respectively.  Fine soils have clayey 
textures.  The subsurface textures of the soils varied from sandy to clayey.  Soils 
with clayey subsurface textures comprised 37% (65,714 acres) while soils with 
loamy and sandy subsurface textures covered 39% (69,021 acres) and 9% (15,643 
acres), respectively.  Situated in the northern region were soils with very fine 
(clayey) subsurface textures that comprised 15% (25,897 acres) of KRD. 
3.3.4.4 Soil Drainage Classes 
The soils in KRD vary widely with respect to soil moisture classes.  Figure 
3.40 illustrates the different classes namely: waterlogged, wet, moist, dry, and 
droughty.  The largest shaded regions represented dry and moist soils.  Dry region 
was about 50% (89,364 acres) (Figure 3.41) and was situated in the southwest and 
northeast portion of KRD.  Moist soils covered 39% (69,958 acres) while wet, 
droughty, and waterlogged soils comprised 12% (21,618 acres), 6% (10,056 acres), 
and 1% (1,557 acres), respectively. 
3.3.4.5 Soil Compaction Potential 
 Most of the soils in KRD had potential for compaction.  The soils with severe 
erosion potential represent about 76% (134,158 acres), (Figures 3.42 and 3.43).  
Soils with moderate and slight potential comprise 13% (23,384 acres) and 11% 
(18,733 acres), respectively.  Soil compaction is one of the major factors that 
increase soil erosion potential.  Based upon the result of the spatial data analysis, 
KRD is not a suitable area for ORV use because of the high tendency of the soils to 
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Figure 3.39.  Areal distributions of soil textural classes within the 


























































   
Figure 3.40.  Map of soil moisture classes within the Kisatchie Ranger District (KRD). 
 













Figure 3.41.  Areal distributions of soil moisture classes within the 












Waterlogged Wet Moist Dry Droughty










































   
Figure 3.42.  Map of soil compaction potential within the Kisatchie Ranger District (KRD). 
 











Figure 3.43.  Areal distributions of soil compaction potential within 



























compact, which leads to decreased water infiltration and increases the potential for 
water erosion. 
3.3.4.6 Soil Rutting Potential 
 Soils rated with moderate potential for rutting dominates KRD as displayed in 
Figure 3.44.  These soils were also rated with severe compaction potential.  
Approximately 65% (114,468 acres) of the district had this rating (Figure 3.45).  Only 
14% (24,199 acres) were rated with slight potential for rutting and 21% (37,339 
acres) with severe rutting potential.  Based upon the detailed spatial data analysis, 
the soils rated with slight and moderate potential for rutting also have severe erosion 
potential rating (map not shown).  Hence, even soils with slight rutting potential have 
the propensity to severely rut and cause soil erosion when traveled by ORV users, 
especially during wet conditions. 
3.3.4.7. Soil Erosion Potential 
 Choropleth maps for soil erosion potential ratings for the KRD are displayed 
in Figure 3.46.  Soils that have severe potential for erosion occupied 39% (69,446 
acres) of KRD (Figure 3.47).  Those with slight and moderate potential comprised 
approximately 44% (78,313 acres) and 16% (28,242 acres) of the district, 
respectively.  Obviously, soils with slight erosion potential constitute a majority of the 
land in KRD.  However, based upon the result of the spatial data analysis, most of 
these soils had moderate and severe rutting potential (map not shown).   
3.4 SUMMARY AND CONCLUSIONS 
 The spatial distribution of the primary and secondary attributes of soils in 





























   
Figure 3.44.  Map of soil rutting potential within the Kisatchie Ranger District (KRD). 
 











Figure 3.45.  Areal distributions of soil rutting potential within the 






















































   
Figure 3.46.  Map of soil erosion potential within the Kisatchie Ranger District (KRD). 
 











Figure 3.47. Areal distributions of soil erosion potential within the 


























in thematic and graphical formats using GIS.  Visual comparisons among the soil 
attributes within and among the three districts of KNF under investigation were easily 
made.  The risk for land degradation of soils within each of the study sites was 
assessed using the map overlays. 
Figure 3.48 shows the maps for soils within the CRD that have potential for 
severe erosion, rutting, and compaction.  Some soils have the potential for severe 
erosion and compaction or severe compaction and rutting as shown in the maps.  
No soils with potential for severe erosion and rutting were observed.  The maps for 
soils within the ERD and KRD are shown in Figures 3.49 and 3.50.  Similar to soils 
within the CRD, some soils located in the ERD and the KRD, have the potential for 
severe erosion and compaction or severe compaction and rutting. There were no 
soils with potential for severe erosion and rutting.  The soils within the CRD (Figure 
3.51), ERD (Figure 3.52), and KRD (Figure 3.53), with potential for severe erosion 
are located on sloping areas and the soils that have potential for severe rutting are 
located on upland flat, and floodplain.  Therefore, soils that have the potential for 
severe erosion and rutting do not exist due to the effect of topography. 
Results of the spatial data analysis disclose that most of the soils in the CRD 
are suitable for ORV use.  The trail traversing Cadeville, a moderately well drained 
and very slowly permeable soil has the potential for soil erosion and the trail could 
be rerouted.  This trail traverses only a small portion of this soil in the northern part 
of the district.  However, the potential problem can be avoided in that region if ORV 
following large rainfall events did not use the trails. 
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Severe Erosion Severe Rutting Severe Compaction Catahoula Ranger District
Figure 3.48.  Map of soils within the Catahoula Ranger District (CRD) with potential for severe erosion, rutting, and 
compaction.  Soils with severe rutting potential do not necessarily have severe erosion potential or vise 
versa.  Soils with potential for severe compaction have potential for severe erosion or severe rutting. 
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Figure 3.49. Maps of soils within the Calcasieu (Evangeline Unit) Ranger District (ERD) with potential for 
severe erosion, rutting, and compaction.  Soils with severe rutting potential do not necessarily 
have severe erosion potential or vise versa.  Soils with potential for severe compaction have 
potential for severe erosion or severe rutting. 
Severe Erosion Severe Rutting Severe Compaction Calcasieu Ranger District
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Figure 3.50. Maps of soils within the Kisatchie Ranger District (KRD) with potential for severe erosion, rutting, 
and compaction.  Soils with severe rutting potential do not necessarily have severe erosion 
potential or vise versa.  Soils with potential for severe compaction have potential for severe erosion 
or severe rutting. 
Severe Erosion Severe Rutting Severe Compaction Kisatchie Ranger District
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Figure 3.51.  Map of soils within the Catahoula Ranger District (CRD) with potential for severe erosion, rutting, and 
compaction classified according to landform.   
Side Slope (5-20 %)





Erosion Rutting Compaction 
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Figure 3.52.  Maps of soils within the Calcasieu (Evangeline Unit) Ranger District (ERD) with potential for severe 
erosion, rutting, and compaction classified according to landform.   
Lower Slope (1-5 %)
Upland FlatSwamp
Floodplain
Side Slope (5-20 %)







Figure 3.53. Maps of soils within the Kisatchie Ranger District (KRD) with potential for severe erosion, rutting, and 
compaction classified according to landform.   
Side Slope (5-20 %)







Erosion Rutting Compaction 
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A portion of the designated- and user-created trails in ERD traverse soils 
such as Beauregard, Malbis, Smithdale, Smithdale-Gore, Ruston, and Betis-Boykin.  
These sandy to loamy soils are either poorly drained or moderately well drained and 
are located on sloping topography.  These soils are at risk for rutting and soil erosion 
when used improperly by ORV users.  Results show that about 50% of ERD is not 
suitable for ORV use. However, only a small portion of the trails is located in the 
problem regions or soils.  Thus, the majority of the trails in CRD can be maintained 
and only some portions should be rerouted or closed for ORV use. 
Based upon the visual comparison among the maps, KRD should be closed 
to all ORV use.  Designated- and user-created trails crossed streams and traversed 
problem soils such as Kisatchie-Oula, Betis, Kisatchie-Anacoco, Guyton, Guyton-
Lotus, Malbis, and Anacoco.  These soils are loamy, poorly drained and very slowly 
permeable, or sandy and well drained but located on sloping areas.  Moreover, they 
were rated with severe rutting and erosion potential because water moves into and 
through the soil very slowly. 
Among the three districts of KNF under investigation, only CRD was 
determined to be suitable for ORV use.  Trails in this district can be maintained and 
used.  Portions of the trails in the ERD should be rerouted or closed to avoid risk of 
more soil degradation.  The entire KRD should be closed for ORV use.  Any outdoor 
activities should be prohibited from KRD to prevent and avoid more soil degradation 
and vegetation damage.  By doing so, the district might be able to recover form the 
damage that has been created by human activities.  
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Based upon the summary of results discussed above, it is clear that GIS can 
be used to display the spatial relationships among the objects being mapped.  GIS is 
a very powerful tool in that it can store, manipulate, and analyze large data sets 
quickly.  A GIS makes it possible to link or integrate information that is difficult to 
associate through any other means. Thus, a GIS can use a combination of static or 
dynamic variables to build and analyze new variables. Using maps of landforms, soil 
drainage classes, soil texture, and other soil attributes, the GIS can produce a 
generated map layer or overlay that determines the suitability of soils for specific 
land use such as ORV use.  Maps and graphics generated using GIS allow the 
viewer to visualize and thereby understand the results of analyses or simulations of 
potential events.   
The time-consuming component of a GIS work is to put the information into 
the system.  Once the information is in the system, spatial data analysis can be 
performed quickly.  However, the accuracy of the results of the analysis depends 
upon the accuracy of the information gathered and summarized.  It is therefore 
critical to collect accurate data, check the validity of the data and perform the proper 
analysis for intended purpose.  
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CHAPTER 4 
TRAFFICABILITY OF SOILS WITHIN THE KISATCHIE NATIONAL FOREST 
4.1 INTRODUCTION 
As described in Chapter 2, KNF is the only national forest in Louisiana and it 
is used for recreational and other outdoor activities.  Paths and trails are available 
for walking, biking, ORV riding, and similar uses.  However, some ORV users cause 
soil degradation such as soil erosion, compaction, and rutting by using the trails 
when saturated with water and by creating new trails in vegetated areas.  Preventing 
or otherwise minimizing soil degradation and vegetation damage is imperative to 
sustain the natural beauty of the forest for future generations.  Soil degradation can 
be reduced or possibly prevented by determining the trafficability of soils within the 
forest. 
Trafficability is defined as the capacity of a soil to support vehicles (Bullock 
and Robinson, 1991).  The trafficability model was developed by the Department of 
the Army and can be used for both wet and dry soils.  It incorporates soils data, 
vegetative indices, vehicle specifications, and topography.  The model determines 
the number of vehicle passes allowable at a certain soil moisture level before the soil 
gives way to the applied stress.  The basic trafficability factors are stickiness, 
slipperiness, and slope.  These factors were used in the model as described in the 
Field Manual (FM) Number 5-430-00-1 (Department of Army, 1994). 
The bearing and traction capacities or soil strength of soils are functions of 
their shearing resistance.  A cone penetrometer was used to measure the shearing 
resistance of soils, which is expressed in terms of cone index (CI).  According to the 
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field manual, the strength of fine-grained soils (silts and clays) may increase or 
decrease when loaded or disturbed; therefore, remolding tests are necessary to 
measure any loss of soil strength expected after traffic.  The fine-grained soil CI 
multiplied by the rating index (RI) produces the rating cone index (RCI) used to 
denote soil strength corrected for remolding.  A comparison of the RCI with the 
vehicle cone index (VCI) indicates whether the vehicle can negotiate the given soil 
condition for a given number of passes.  For example, if a soil has a CI of 120 and 
an RI of 0.60 in its critical layer, the soil strength may be expected to fall to 120 
times 0.60, or an RCI of 72, under traffic.  Therefore, this soil is not trafficable for 
vehicles when VCI1 is greater than 72. 
Stickiness and slipperiness may seriously hinder vehicles operating on wet, 
fine-grained soil.  Under extreme conditions, travel and steering are difficult because 
sticky soil can accumulate in a vehicle's running gears.  Normally, stickiness is 
troublesome only when it occurs in soils of low-bearing capacity such as fine-grained 
soils (Department of Army, 1994).  Slipperiness is a problem even when associated 
with soils with high-bearing capacities.  A slippery surface is produced when there is 
excess water overlying a firm layer of soil.  This condition may make steering difficult 
or may immobilize rubber-tired vehicles.  Presence of vegetation, especially on wet 
and sloping area, may cause immobilization of rubber-tired vehicles due to 
slipperiness and stickiness (Department of Army, 1994). 
Soil trafficability also varies with changes in weather.  During the rainy periods 
or wet season (WS), fine-grained soils increase in moisture resulting to slipperiness, 
stickiness, and decreased strength.  Conversely, loose sands are more trafficable 
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during rainy periods because of an increase in cohesion but are less trafficable 
during dry periods (DS) (Department of Army, 1994).  Other techniques have been 
developed by the Department of Army to predict the effects of weather on soil 
trafficability.   
Among the factors that impact soil trafficability, wetness index (WI) and CI are 
the most important soils data used in determining the trafficability rating for a 
particular vehicle.  The WI is a measure of the potential for the soil to become wet as 
a function of depth to water table, soil type, slope, restrictive layers, and internal 
drainage characteristics and the CI is a measure of the shearing resistance of the 
soil with a cone penetrometer (Bullock and Robinson, 1991).  By measuring the 
shearing resistance or CI, the critical layer of the soils being traveled upon, which 
actually supports the weight of the vehicle, can be determined.  The depth of the 
critical layer can vary depending upon the vehicle type and weight, soil type, number 
of passes, and the soil strength (Department of Army, 1994; Army National Guard, 
1996).  The critical layer for fine-grained soils range from three to fifteen inches and 
from zero to six inches for coarse-grained soils (table not shown but refer to Table 7-
1and Appendix D, FM 5-430-00-1). 
The interpretative ratings for soil trafficability can help engineers, planners, 
and decision-makers understand how soil properties influence behavior when used 
for recreational uses such as camp areas, picnic areas, playgrounds, and paths and 
trails.  Knowledge of the trafficability of soils in KNF is essential especially to 
manage the trails within the forest for ORV use.  However, incorporation of soil 
trafficability data into the GIS database of the USDA-FS is essential.  Therefore, the 
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objectives of this chapter are (1) to incorporate soil trafficability ratings and 
interpretations into a GIS to generate qualitative and quantitative maps; and (2) 
determine the suitability of KNF soils for ORV traffic with the aid of trafficability 
maps. 
4.2 MATERIALS AND METHODS 
4.2.1 Data 
 The National Soil Information System (NASIS) data for soil trafficability was 
provided by USDA-NRCS.  The digital data is called Soil Survey Geographic 
(SSURGO) data and is the most detailed level of soil geographic data developed by 
the National Cooperative Soil Survey.  The information was collected by compiling 
information onto a planimetric-correct base and digitizing maps, or revising digitized 
maps using remotely sensed data and other information.  
Military vehicles are categorized into seven types.  Lightweight vehicles such 
as jeeps with low contact pressure (less than 2.0 PSI) are categorized as Type 1 
vehicles (Appendix Table 4.1).  Type 1 vehicles have VCI1 of 12 or less and VCI50 of 
29 or less.  This means that the soil is not trafficable after 1- and 50-vehicle passes 
when VCI1 (1 vehicle pass) is greater than 12 and VCI50 (50 vehicle passes) is 
greater than 29, respectively.  ORVs can be categorized as vehicle Type 1 hence; 
only the data for vehicle Type 1 were used in the analysis.   
The data contained trafficability ratings and interpretations for different types 
of military vehicles and the number of vehicle passes during the DS and WS on the 
soils of KNF.  The soils are rated in their "natural" state, that is, no unusual 
modification of the soil site or material is made other than that which is considered 
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normal practice for the rated use.  The limitation ratings are described by the 
Department of Army (1994) as follows: 
1. Excellent – is the rating given to soils that have properties very favorable 
for specified use.  Military operation is “not limited”.  The degree of 
limitation is minor and can be easily overcome.  Good performance and 
low maintenance can be expected. 
2. Good – is the rating given to soils that have properties moderately 
favorable for specified use.  Military operation is “slightly limited”.  The 
degree of limitation can be overcome or modified by special planning, 
design, or maintenance.  Good to fair performance and low maintenance 
can be expected.  During some part of the year, the expected 
performance is less desirable than for soils rated excellent. 
3. Fair – is the rating given to soils that have some properties favorable and 
one or more properties unfavorable for the rated use, such as steep 
slopes, bedrock near the surface, flooding, or a seasonal high water table.  
Military operation is “moderately limited”.  The degree of limitation can be 
overcome or minimized by special planning or design.  Fair performance 
and moderate maintenance can be expected. 
4. Poor – is the rating given to soils that have one or more properties or 
features unfavorable or have significant limitations for the specified use.   
Military operation is “limited or very limited”.   The degree of limitation 
generally requires major soil reclamation, special design that requires 
additional time and effort, or intensive maintenance, which in most 
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situations is difficult and costly.  Poor performance and high maintenance 
can be expected.” 
The data also include numerical values that correspond to the limitation 
ratings or military interpretations (Table 4.1) and major factor limiting the trafficability 
of soils (Appendix Table 4.2, 4.3 and 4.4).  The numerical ratings used to express 
the severity of individual soil features indicate gradations between the point at which 
a soil feature has the greatest negative impact on the use and the point at which the 
soil feature is not a limitation.   
          Table 4.1. Limitation ratings for soil trafficability. 
Interpretation Numerical Rating 
Excellent  0.90 to 1.00 
Good 0.75 to 0.89 
Fair 0.50 to 0.74 
Poor 0.00 to 0.49 
 
4.2.2 Incorporation of Trafficability Data into GIS 
The trafficability data for soils within CRD, ERD, and KRD were summarized 
in a spreadsheet and incorporated into the USDA-FS GIS database.  The GIS 
database consists of spatial data, which stores the geometric location of geographic 
features such as soils and landform, along with attribute information describing what 
these features represent.  The spatial data source (ArcView shapefiles) has attribute 
tables containing descriptive information about their features.  
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The tabular data (dBase file) on soil trafficability was incorporated into the 
attribute table of spatial soils data source by joining the spatial data and the tabular 
data sources using ArcView 3.2 (ESRI, 1999).  Sources of tabular data include 
INFO and delimited text files.  In ArcView, join is the operation of appending fields 
from one table into another table based upon a common field.  Each column label in 
the table is called a field.  A field in a table is also the attribute in a map or a view.  In 
this project, tables were joined using soil name as the common field.  By joining the 
tables, the trafficability data were added to the maps.  Based upon the data in the 
source table, the features of a theme or the attributes were symbolized, labeled, 
queried, and analyzed geographically at a shorter time period because the tabular 
data is now part of the spatial data source.   
Using GIS, spatial data were organized thematically into different layers, or 
themes.  Each set of geographic features or phenomena for which information was 
recorded represent one theme.  For example, soil-mapping units, soil drainage 
classes, soil trafficability, and landform were stored as separate spatial data 
sources, rather than one file. This makes it easier to manage and manipulate the 
data, especially for analyzing or determining the spatial relationships between 
different geographic themes. 
4.2.3 GIS Analysis 
 GIS was used as a tool to manipulate, analyze, and visualize the data.   
The combined trafficability data and other soil properties were analyzed using 
ArcView3.2 (ESRI, 1999).  Spatial data analysis was accomplished using the 
choropleth and summarize zones techniques described in Chapter 2.  The military 
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interpretations for soil trafficability with 1- and 50-vehicle passes during the WS and 
DS were visually displayed in the trafficability maps.  These maps are also referred 
to as trafficability maps in this chapter.  The query builder was used to identify the 
factors that may contribute to the mobility of vehicles in a particular soil.  Proper 
questions were asked to determine which soils are suitable for ORV traffic.  For 
example, the question, “what soils are trafficable during the WS?” was answered by 
performing a query of soils with excellent trafficability rating within the WS 
trafficability map.  The resulting attribute was then classified according to soil name 
and the new map showing only those soils that were suitable for ORV traffic during 
the wet season (November to May).  This process was repeated for the other 
trafficability interpretations and ratings.  Moreover, using the summarize zones 
technique, the areal distribution of soils within each study site was tabulated and 
presented in a graphical format according to trafficability interpretation and limitation.   
4.3 RESULTS  
4.3.1 Catahoula Ranger District (CRD) 
 The soil trafficability maps for CRD show that for the WS, majority of the soils 
had good and fair trafficability (Figure 4.1).  For the DS, the entire CRD was suitable 
for ORV traffic since almost all the soils in the area (99%) were rated with excellent 
trafficability when dry (Figure 4.2).  However, during the WS, even with only one 
vehicle pass, only about 1% (Figure 4.3) of CRD was rated with excellent 
trafficability.  Soils with good trafficability during the WS represent about 47% of the 
area.  Most of the soils (~51%) in the northern and southern part of the district had 



















Figure 4.1. Soil trafficability map for Catahoula Ranger District (CRD) during the wet season with
1- and 50-vehicle passes. 










































Soil Trafficability within CRD
Figure 4.2. Soil trafficability map for Catahoula Ranger District (CRD) during the dry season with 
1- vehicle pass. 
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Figure 4.3. Trafficability ratings of soils within the Catahoula
Ranger District (CRD) during the wet season (WS)
with 1-vehicle pass (CRD1) and 50-vehicle passes
(CRD2); and dry season (DS) with 1-vehicle pass
(CRD3).  The areal distribution was tabulated using



























   The soils with excellent trafficability during the WS were Briley (BS) located 
on a side slope (5-12%) and Cahaba (CB) located on a stream terrace (1-5% slope) 
(Figure 4.4).  These loamy fine sand (LFS) soils are dry or well drained hence, have 
slight rutting potential but have slight to moderate erosion and compaction potential 
(Appendix Table 4.2).  Other dry soils that have good trafficability in the WS include 
Ruston and Smithdale fine sandy loam (FSL) (Figure 4.5).  These soils had slight to 
moderate erosion, rutting, and compaction potential.  Most of the soils within the 
CRD had fair trafficability ratings during the rainy periods (Figure 4.6).  These moist, 
very fine sandy loam (VFSL), which include Caddo, Cadeville, Glenmora, Gore, 
Guyton, Kolin, Malbis, and Metcalf, had slight to severe erosion potential; moderate 
to severe rutting potential; and severe compaction potential (Appendix Table 4.2).  
Wet soils, i.e. Mayhew sandy clay loam (SCL) soils, were not trafficable thus; they 
were rated with poor trafficability (Figure 4.7).  Mayhew soils had slight erosion 
potential but severe potential for rutting and compaction and were located upon 
upland flats (Appendix Table 4.2). 
4.3.2 Evangeline Unit, Calcasieu Ranger District (ERD) 
The soil trafficability maps for ERD are shown in Figures 4.8 and 4.9.  
Approximately 7% (Figure 4.10) of the ERD land area was rated excellent for 1 and 
50 vehicle passes during the WS.  Only 1% of the total area was rated poor; 46% 
fair; 41% good; 3% not rated and 2% water bodies.  The majority of the severely 
erosive soils were rated with fair trafficability and the limiting factors were stickiness 
and slipperiness.  During the DS, approximately 94% of the area was suitable for 
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Figure 4.4. Soils within the Catahoula Ranger District (CRD) with excellent trafficability during the 
wet season with 1- and 50-vehicle passes. 
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Figure 4.5. Soils within the Catahoula Ranger District (CRD) with good trafficability during the 
wet season with 1- and 50-vehicle passes. 
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Figure 4.6. Soils within the Catahoula Ranger District (CRD) with fair trafficability during the wet 
season with 1- and 50-vehicle passes. 
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Figure 4.7. Soils within the Catahoula Ranger District (CRD) with poor trafficability during the wet 
season with 1- and 50-vehicle passes 
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Soil Trafficability within ERD
Figure 4.8. Soil trafficability map for Calcasieu (Evangeline Unit) Ranger District (ERD) during 
the wet season with 1- and 50-vehicle passes. 
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Soil Trafficability within ERD
Figure 4.9. Soil trafficability map for Calcasieu (Evangeline Unit) Ranger District (ERD) during 
the dry season with 1-vehicle pass. 
 122
 
Figure 4.10. Trafficability ratings of soils within the Calcasieu
(Evangeline Unit) Ranger District (ERD) during the wet
season (WS) with 1-vehicle pass (ERD1) and 50-
vehicle passes (ERD2); and dry season (DS) with 1-
vehicle pass (ERD3).  The areal distribution was





























ORV traffic. Frequently flooded Yorktown and Moreland soils, located in the eastern 
portion of ERD, had poor trafficability during both the WS and DS.   
 Soils (Betis-Boykin and Cahaba) within the ERD that had excellent 
trafficability during the WS (Figure 4.11) were either dry or droughty (somewhat 
excessively drained) and had slight to severe erosion potential; slight to moderate 
compaction; and slight rutting potential (Appendix Table 4.3).  Soils that are 
somewhat trafficable (good rating) include Anacoco, Forbing, Ochlochonee, Ruston, 
and Smithdale (Figure 4.12).  Slopes of these soils range from 0 to 20%.  These 
moist to dry, coarse-grained soils had slight to moderate erosion and rutting potential 
and moderate to severe compaction potential  (Appendix Table 4.3).  Almost all the 
soils within the ERD with fair trafficability (Figure 4.13) were moist and had slopes 
ranging from 0 to 12% except for the Kisatchie-Oula soil association (KZ), which was 
dry and located on steep side slope (5-40%).  KZ would have been excellent for 
ORV traffic, but its steep slope limits the mobility of vehicles.  All soils had severe 
compaction potential, slight to severe and moderate to severe potential for erosion 
and rutting.  Figure 4.14 shows soils with poor or no trafficability ratings.  The 
frequently flooded Moreland and Yorktown soils were also present in the ERD 
hence, not trafficable.  Some of the soils have no trafficability ratings because they 
are located on steep slopes (40%). 
4.3.3 Kisatchie Ranger District (KRD) 
The trafficability maps for soils within the KRD are shown in Figures 4.15 and 
4.16.  During the DS, approximately 83% of KRD land (Figure 4.17) was suitable for 
ORV traffic and 20% had good trafficability rating.  About 10% has poor trafficability 
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Figure 4.11. Soils within the Calcasieu (Evangeline Unit) Ranger District (ERD) with excellent 
trafficability during the wet season with 1- and 50-vehicle passes. 
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Figure 4.12. Soils within the Calcasieu (Evangeline Unit) Ranger District (ERD) with good 
trafficability during the wet season with 1- and 50-vehicle passes. 
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Figure 4.13. Soils within the Calcasieu (Evangeline Unit) Ranger District (ERD) with fair trafficability 
during the wet season with 1- and 50-vehicle passes. 
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Figure 4.14.  Soils within the Calcasieu (Evangeline Unit) Ranger District (ERD) with no rating and 
































Soil Trafficability within KRD
Figure 4.15. Soil trafficability map for Kisatchie Ranger District (KRD) during the wet season with 
1- and 50-vehicle passes 
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Soil Trafficability within KRD




Figure 4.17. Trafficability ratings of soils within the Kisatchie
Ranger District (KRD) during the wet season (WS)
with 1-vehicle pass (KRD1) and 50-vehicle passes
(KRD2); and dry season (DS) with 1-vehicle pass
(KRD3).  The areal distribution was tabulated using the
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KRD Soil Trafficability 
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hence, not suitable for ORV traffic.  These soils include Kisatchie-Oula, Guyton-
Lotus, Moreland and Yorktown.  During the WS, only 13% of the KRD had excellent 
trafficability; 13% good; 61% fair; and 26% poor rating with up to 50 vehicle passes.   
The majority of the soils that were not suitable for ORV traffic during the WS were 
located in the northern part of KRD as indicated by the darkest shaded regions of 
the trafficability maps.   
Soils within the KRD (Betis, Briley, and Cahaba) with excellent trafficability 
during the WS are displayed in Figure 4.18.  Soil characteristics and location of 
these soils were described in sections 4.3.1 and 4.3.2.  Anacoco, Ruston, Smithdale, 
and Sacul are present in KRD and had good trafficability during the WS (Figure 
4.19).  These FSL soils are dry except for Sacul.  Sacul soils were moist but located 
on ridge tops and rated with good trafficability (Appendix Table 4.4).  Some of the 
soils within KRD had fair trafficability during the WS (Figure 4.20).  The majority of 
the soils located on upland flats or stream terraces were moist or wet.  Some were 
dry but were located on steep slopes (5-40%).  Erosion and rutting potential varied 
from slight to severe with moderate to severe compaction potential.  Soils with poor 
trafficability during the WS (Figure 4.21) included Bellwood, Guyton-Lotus, 
Moreland, Perry, and Yorktown.  These fine-grained soils were frequently flooded 
and were not trafficable even during the DS except for the loamy Bellwood, which is 
suitable for vehicle traffic when dry. 
4.4 DISCUSSION 
The trafficability of soils varied with soil type, particle-size composition of 
soils, amount of moisture and weather condition, i.e. dry and wet season (Yong et 
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Figure 4.18. Soils within the Kisatchie Ranger District (KRD) with excellent trafficability during the 
wet season with 1- and 50-vehicle passes. 
 133
 












Figure 4.19. Soils within the Kisatchie Ranger District (KRD) with good trafficability during the wet 
season with 1- and 50-vehicle passes. 
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Figure 4.20. Soils within the Kisatchie Ranger District (KRD) with fair trafficability during the wet 
season with 1- and 50-vehicle passes. 
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Wet Season Trafficability 
Figure 4.21. Soils within the Kisatchie Ranger District (KRD) with poor trafficability during the
wet season with 1- and 50-vehicle passes. 
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al., 1984; Department of Army, 1994).  Sand provides more porosity for moisture 
while smaller sized loamy and clayey soils were less stable as moisture was 
introduced (Gates et al., 2001).  The major limiting factor affecting the trafficability of 
fine-grained soils when wet was stickiness (Department of Army, 1994).  Similar 
results were observed in this study.  Poorly drained soils located on a floodplain, 
stream terrace or upland flat were not trafficable even with only 1-vehicle pass due 
to stickiness.    
Like stickiness, slipperiness also affects soil trafficability.  Results showed 
that slipperiness limits mobility of vehicles for most of the soils rated with fair 
trafficability during the WS.  Most of these VFSL soils were moist or moderately well 
drained and were located on a sloping area (5-12%).  According to the Department 
of Army (1994), the effects of slipperiness cannot be measured, but based upon 
their observation, ponded soils and soils with a layer of soft, plastic soil are slippery.  
This causes steering difficulty especially for rubber-tired vehicles.  The mobility of 
vehicles with low-bearing capacity was greatly reduced when the soil was slippery, 
especially on slopes.  Most slopes greater than 30 degrees (67%) are not trafficable 
for wheeled vehicles and tracked vehicles cannot traverse slopes greater than 45 
degrees (100%) (Gates et al., 2001).  Some soils, such as Boykin, Smithdale-Gore, 
and Vaiden, in ERD had no trafficability ratings and interpretations.  Boykin and 
Smithdale-Gore soils were coarser and dry or well drained.  Conversely, Vaiden 
soils are very fine (clay or silty clay) and moist.  These soils were located on steep 
side slopes (20-40%).  These soils were not rated because slope adversely affects 
soil trafficability.  Considering soil moisture condition alone, the dry coarser soils can 
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be used for ORV traffic even during the WS while the fine soils can possibly be 
trafficable in the DS, but slope must be considered in the analysis.   
4.5 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
 Results reveal that all trails in CRD, ERD, and KRD were suitable for ORV 
traffic during the DS because the trails traverse soils with excellent trafficability 
ratings.  Among the three areas under investigation, soils within the CRD were the 
most suitable for ORV traffic during the WS.  A high percentage of soils within the 
ERD were suitable for ORV use, however, a considerable area in the district would 
be at risk because a significant number of ORV users use the forest when the soil is 
wet.  It is therefore necessary to minimize the number of vehicle passes both on 
CRD and ERD to prevent soil degradation.  Suitability for ORV use was worst at 
KRD because the majority of the soils in the area were not suitable for ORV traffic 
even with only 1-vehicle pass during the WS.  Most of the soils within the KRD were 
prone to rutting and erosion.  Closure of the entire district is recommended during 
rainy season (November to May).  
 Based upon the trafficability analysis, fine-grained (loamy, clayey, or 
combination of loamy and clayey) soils including Mayhew, Bellwood, Moreland, 
Yorktown, and Perry are not suitable for ORV traffic.  These soils are somewhat 
poorly drained and occasionally or frequently flooded and are prone to severe rutting 
and compaction and eventually to soil erosion.  Vehicle immobilization can occur in 
these soils even with only 1-vehicle pass.  Hence, trails should not be created in 
these soils and soils of similar type and texture.  Soils that are generally dry or well 
drained and have coarser textures are suitable for ORV traffic even during wet 
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periods.  Trafficable soils during the WS include Briley, Cahaba, Ruston, and 
Anacoco.  Trails traversing these soils can be maintained and used when wet.  
However, use of soils located on slopes should be reduced because ORV uses in 
this area will not only induce soil erosion, but could also cause a vehicle to flip or roll.  
Moreover, the shearing resistance, which measures soil strength and expressed as 
the VCI, should also be taken into consideration.   
 Overall, soil strength, slipperiness, stickiness, slope, amount of moisture, soil 
type, particle size composition, and weather, were the factors that affect soil 
trafficability.  Trafficability of off roads and trails depends upon the amount of 
moisture and the soil type.  However, accurate assessment of trafficability requires 
long-term research and analysis on the effect of precipitation and other relevant 
factors such as vegetation, hydrography, and temperature.  For example, 
evapotranspiration is higher at higher air and soil temperatures. 
The use of GIS software in the project proved to be beneficial in terms of both 
data management and time.  Incorporating data into the GIS made it much easier to 
view, manipulate, and retrieve data.  The spatial database and map displays 
produced by this system show that it was capable of providing accurate cartographic 
representations of the data.  This can be clearly seen in the trafficability maps of 
CRD, ERD, and KRD.  With the aid of the trafficability maps, soils that were suitable 
for ORV traffic were identified.  Likewise, the factors limiting the mobility of a certain 
vehicle on a particular soil were identified.  Although the trafficability data is limited 
only to 50-vehicle passes, the results of this study can be used to manage the 
existing trails in KNF.   
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It should be noted however that GIS was used simply as a tool for data 
manipulation and visualization.  Therefore, the reliability of a GIS product is only as 
good as the data.  Problems and discrepancies that are inherent in the spatial 
database will significantly influence the output of a GIS.  Thus, it is critical to 
carefully review the data prior to its addition to a GIS because problems are hard to 
identify once put into cartographic terms (Monmonier, 1996).   
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SUITABILITY ANALYSIS OF SOILS WITHIN THE KISATCHIE NATIONAL 
FOREST FOR OFF ROAD VEHICLE USE USING THE KERNEL  
DENSITY ESTIMATION TECHNIQUE 
 
5.1 INTRODUCTION 
The only national forest in Louisiana is the Kisatchie National Forest (KNF).  
KNF provides an ideal place and great opportunity for many recreational activities 
such as camping, picnicking, boating, fishing, biking, and off road vehicle (ORV) use.  
In fact, KNF is the only public ORV facility in Louisiana.  The three surrounding 
states, Texas, Arkansas, and Mississippi, closed all their public ORV facilities.  The 
closure of these facilities considerably increased the number of ORV users in KNF.  
Improper use of the forest, specifically the trails, by ORV users is a great concern 
especially by the FS management due to their detrimental impacts to soils and 
vegetation as described in Chapter 1.  In order to address this issue, a suitability 
analysis for ORV use of the soils within the forest is essential.  Land suitability is a 
context-dependent concept defined by a set of desired attributes of an ideal site for 
intended purpose (Stoms et al., 2002).  Suitability is a multi-criteria evaluation in 
which the most desirable attributes in terms of measurable factors are defined.  
Likewise, the optimum values and their relative important weights are defined (Jiang 
and Eastman, 2000).  Site suitability analysis involves overlaying graphically or 
combining databases of more coverage to locate suitable spatial or attribute 
conditions (Davis, 1996).  During the process, the desired attributes are compared 
with actual conditions at a set of sites and then suitability is compared across sites 
(Stoms et al., 2002). 
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The utilization of spatial analysis within the GIS is indispensable in developing 
decision-making resources (Murray, 1999) such as local or regional suitability maps.  
Various spatial distribution statistics such as the center of minimum distance, 
standard deviational ellipse, angular mean, spatial autocorrelation, regression 
analysis, and cluster analysis, can be used to reveal valuable information regarding 
any incidents in space (Murray and Estivil-Castro, 1998; Levine, 2001).  These 
methods involve data or event points to determine point patterns.   Analysis of point 
patterns and identification techniques actually began with the works of ecologists 
and botanists about sixty years ago (Chakravorty, 1995).  Today, point pattern 
studies are focusing on various types of data points, especially crime data, in order 
to map crimes and identify “hot and cold spots”.  Hotspots are areas where 
concentration of incidents or events within a limited geographical area is greatest 
and cold spots are areas where concentration of events is least (Levine, 2001).  
Relative to soils data, hotspots could be defined as areas that are not suitable for 
ORV use and cold spots are the areas that are suitable for creating trails for ORV 
use. 
The use of GIS is a powerful tool for analyzing and displaying geographic 
concentrations or hotspots of events such as crimes for non-environmental data and 
soil attributes for environmental data.  One of the techniques for performing this 
analysis is kernel density estimation (KDE) or kernel smoothing (McLafferty et al., 
2000).  KDE is a spatial statistical method that generates a map of density values 
from point event data (Levine, 2001).  The estimation process involves placing a 
symmetrical surface called kernel function over each point, measuring the distance 
from the point to a reference location based upon a mathematical function, and 
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summing the value of all surfaces for that reference location.  KDE is a technique 
that provides density estimates for all parts of the region, that is, at any location, 
regardless of the shape of the hotspot (MacLafferty et al., 2000; Levine, 2001).  The 
density estimate is an intensity variable, a Z value, that is estimated at a particular 
location, and can be displayed by either surface or contour maps to show the 
intensity at all locations (Levine, 2001).  The surface maps generated from the 
process can be evaluated and used for the suitability analysis.  Eventually, hotspots 
and cold spots can be identified and be used as bench marks in maintaining or 
creating trails for ORV use. 
Various suitability analyses have been undertaken such as the suitability for a 
new university campus, landfill site, animal waste application and disposal (Cruz, 
1993; Herzog, 1999; Basnet et al., 2000a and 2000b) using different GIS-based 
methods.  Most of the GIS analysis, specifically, hotspot analysis and identification 
or point pattern analysis are being employed for crime events.  However, little is 
known about the point pattern of soils data and the suitability of soils for ORV use, 
especially in KNF.  Hence, this study was initiated in 2001 in collaboration with the 
FS to evaluate the spatial statistics program for the analysis of crime incident 
locations called Crimestat2.0 and to assess the suitability of KNF soils for ORV use 
using KDE. 
5.2 MATERIALS AND METHODS 
 
5.2.1 Data 
The FS provided the data for this study.  Individual data points (label points) 
represent the centroid or center of the soil delineation (polygon) in the forest.  Data 
points and polygons are associated with the different chemical and physical 
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characteristics of soil that include ratings for erosion, rutting, and compaction 
hazards as described in Chapter 2.  Figures 5.1 through 5.3 show the locations of 
individual data points or events representing soil delineation in Catahoula Ranger 
District (CRD), Evangeline Unit, Calcasieu Ranger District (ERD), and Kisatchie 
Ranger District (KRD).  The numerical values 1 (slight), 2 (moderate), and 3 
(severe), were assigned to the soils in order to perform the kernel density estimation.  
Furthermore, events with severe potential hazards within each district were queried 
using ArcView3.2 (ESRI, 1999).  Of the 1,174 events in CRD, 108 received a 
severe erosion hazard rating (Figure 5.4), 104 severe rutting (Figure 5.5), and 558 
severe compaction hazards (Figure 5.6).  For ERD, there were 2,514 events.  Of 
these, 637 represent soils with severe erosion (Figure 5.7), 159 with severe rutting 
(Figure 5.8), and 1,230 with severe compaction (Figure 5.9) hazards.  KRD had 
1,294 events and of these, 556 were rated with severe erosion (Figure 5.10), 54 with 
severe rutting (Figure 5.11), and 684 with severe compaction (Figure 5.12) hazards.   
5.2.2 Kernel Density Estimation   
To determine the most desirable attributes in terms of measurable factors, 
spatial data analysis was employed using the (KDE) technique.  The technique used 
a spatial statistics program for the analysis of crime incident locations called 
Crimestat2.0 (Levine et al., 2002).  The National Institute of Justice and other law 
enforcement agencies and criminal justice researchers are using this windows-
based program as a supplemental statistical tool to map crimes and identify hotspots 
or areas where crimes are most likely to occur.  Though the program was designed 
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Individual Data (Incident) Points
Figure 5.1. Individual locations of soils (incident points) in the Catahoula Ranger District (CRD).
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Individual Data (Incindent) Points
Figure 5.2. Individual locations of soils (incident points) in the Caalcasieu (Evangeline Unit)
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Individual Data (Incident) Points
Figure 5.3. Individual locations of soils (incident points) in the Kisatchie Ranger District (KRD).






































































Figure 5.4. Individual locations of soils (incident points) in the Catahoula Ranger District
(CRD) with severe potential for soil erosion.  N represents the sample size or the
total number of incident points. 














































































Figure 5.5. Individual locations of soils (incident points) in the Catahoula Ranger District
(CRD) with severe potential for soil rutting.  N represents the sample size or the
total number of incident points. 
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Figure 5.6. Individual locations of soils (incident points) in the Catahoula Ranger District
(CRD) with severe potential for soil compaction.  N represents the sample size or
the total number of incident points. 
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Figure 5.7. Individual locations of soils (incident points) in the Calcasieu (Evangeline Unit)
Ranger District (ERD) with severe potential for soil compaction.  N represents the
sample size or the total number of incident points. 






































































































Figure 5.8. Individual locations of soils (incident points) in the Calcasieu (Evangeline Unit)
Ranger District (ERD) with severe potential for soil rutting.  N represents the
sample size or the total number of incident points. 
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Figure 5.9. Individual locations of soils (incident points) in the Calcasieu (Evangeline Unit)
Ranger District (ERD) with severe potential for soil compaction.  N represents the
sample size or the total number of incident points. 
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Figure 5.10. Individual locations of soils (incident points) in the Kisatchie Ranger District (KRD)
with severe potential for soil erosion.  N represents the sample size or the total
number of incident points. 
























































Figure 5.11. Individual locations of soils (incident points) in the Kisatchie Ranger District (KRD)
with severe potential for soil rutting.  N represents the sample size or the total
number of incident points. 


















































































































































































































































































































































































Figure 5.12. Individual locations of soils (incident points) in the Kisatchie Ranger District (KRD)
with severe potential for soil compaction.  N represents the sample size or the
total number of incident points. 
N = 684 
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types of data resemble clusters of spatially distributed data, as are crime and non-
crime areas.  The KDE technique was used to quantify the degree of soil erosion, 
compaction, and rutting within the study area by generating a continuous intensity 
surface over the entire point distribution.  To accomplish this, a uniform grid was 
placed over the study area.  A density estimation function, called kernel, visited each 
point or incident location within the study area (McLafferty et al., 1999).  The kernel 
is a symmetrical function that measured the distance of each point to the center of 
the kernel (Figure 5.13).  As a result, the function generated a set of density 
estimates based on a weighted sum of the points for each grid-cell (Reader and 
Bartolomeo, 2001; Levine, 2002).  In other words, the number of points within the 
moving kernel function was taken as an indicator of the intensity of the event at that 
particular location (Anselin et al., 2000).  This means that the number of events with 
severe erosion potential, for example, was counted.  Rather than the points 
themselves, the intensity measure or kernel density estimates of the attributes at all 
locations were displayed and visualized in a surface map referred to as the “kernel 
density map” in this chapter.  The kernel density maps generated using 
Crimestat2.0 for Microsoft Windows were exported to ESRI’s ArcView3.2. These 
maps were then used to rank and map sites that are suitable or unsuitable for ORV 
use.   
Different combinations of kernel functions and bandwidth types were 
evaluated.  The following combinations were used: (1) normal kernel function-
adaptive bandwidth, (2) normal kernel function-fixed bandwidth, (3) quartic kernel  
function-adaptive bandwidth, and (4) quartic kernel function-fixed bandwidth.  The 










Figure 5.13. Kernel density estimation of a point pattern using quartic kernel function.   
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point that then extends over an unlimited distance, that is, the area defined by the 
reference file.  The quartic kernel overlays a quartic function or an inverse sphere 
over each point that only extends for a limited distance (Levine, 2001).  The search 
distances to which the kernels are applied are called “bandwidths”.  The bandwidth 
for the normal kernel is the standard deviation of the normal distribution.  For the 
quartic kernel, bandwidth is the radius of a circle defined by the surface.  There are 
two types of bandwidths, adaptive and fixed.  An adaptive bandwidth distance is 
identified by the minimum number of other points found within a circle drawn around 
a single point.  The user specifies the minimum number of points or sample size.  
Conversely, a fixed bandwidth distance is a fixed interval for each point.  The user 
defines the interval and the distance units by which it is calculated, which could be in 
miles, nautical miles, feet, kilometers, or meters. 
The CrimeStat2.0 program was run repeatedly while varying the minimum 
number of points or sample size as well as the type of interpolation-bandwidth 
combination to determine the best combination and minimum sample size to use.  
After a series of trial and error density estimations, the surface maps or kernel 
density maps were evaluated by comparing the maps with the actual distribution of 
events.  The normal kernel function and fixed bandwidth combination was used for 
data with less than 200 events.  For data with more than 200 events, the quartic 
kernel function and fixed bandwidth was used.  A minimum sample size of 10 was 
selected regardless of the total number of events and 1-mile bandwidth length.  
These parameters, when used in the program, produced the kernel density maps 
showing a point pattern that represented the degree of soil erosivity, rutting, and 
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compaction, based upon the interpretative ratings described in Chapter 3.  The type 
of interpolation and bandwidth combination used to generate the density maps for 
each of the districts are shown in Table 5.1.  Since the majority of the sample size or 
total number of incident points (N) per rating was more than 200, the quartic function 
and fixed bandwidth combination was used for most of the interpolation. 
Table 5.1.  Sample size, type of interpolation, and bandwidth used in KDE. 




Interpolation Type Bandwidth 
CRD SVE 108 Normal Fixed 
CRD SVR 104 Normal Fixed 
CRD SVC 558 Quartic Fixed 
ERD SVE 637 Quartic Fixed 
ERD SVR 159 Normal Fixed 
ERD SVC 1230 Quartic Fixed 
KRD SVE 556 Quartic Fixed 
KRD SVR 54 Normal Fixed 
KRD SVC 684 Quartic Fixed 
*SVE - severe erosion; SVR - severe rutting; SVC - severe compaction 
5.2.3 Suitability Analysis 
 The overlay procedure was employed for the suitability analysis of the soils in 
the forest.  Based upon the standard deviation (SD) classification, hotspots were 
defined as the density estimates that are greater than two SDs above the mean.  
Using the query builder in ArcView, all erosion, rutting, and compaction hotspots for 
each district were queried and converted into new shape files or themes.  These 
new themes are referred to as the hotspot maps.  This method was performed to 
isolate the entire problem areas based upon the interpretative ratings provided by 
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the FS.  For each district, the hotspot maps for erosion, rutting, and compaction 
were overlaid over each other to display a single thematic map that will show 
suitable or non-suitable areas.  Unioning the three maps using the geoprocessing 
wizard in ArcView combined all the hotspots together.  Unioning is an operation that 
combines the features of an input theme with the polygons from an overlay theme to 
produce an output theme that contains the attributes and full extent of both themes.  
Using the Union operation, the problem areas for each study site were identified by 
combining erosion, rutting, and compaction hotspots.  The designated and user 
created trails were also overlaid over the final hotspot map to determine if the 
existing trails should be maintained, rerouted or closed. 
5.3 RESULTS  
5.3.1 Kernel Density Estimates for Soils within the CRD  
The kernel density maps for soils located in the CRD visually show the 
hotspots and cold spots in the district.  The darkest shaded regions in the map 
represent hotspots.  Hotspots are regions that have the greatest density estimates 
(>3 SD above the mean).  Cold spots are the regions that have the smallest density 
estimates.  The density estimates represent the interpolated absolute densities or 
total number of point events per square mile (N mi-2).  Few hotspots for erosion 
(Figure 5.14), rutting (Figure 5.15), and compaction (Figure 5.16) were visually 
identified from the kernel density maps.  Only small portions of the trails traverse 
hotspots.   
5.3.2 Kernel Density Estimates for Soils within the ERD  
The kernel density maps for soils within the ERD were identified.  The 
majority of the erosion hotspots are located in the northeastern part of the district 
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Figure 5.14. Kernel density map for soils located within the Catahoula Ranger District (CRD)
with potential for erosion. 
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Figure 5.15. Kernel density map for soils located within the Catahoula Ranger District (CRD)
with potential for rutting. 
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Figure 5.16. Kernel density map for soils located within the Catahoula Ranger District (CRD)
with potential for compaction. 
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(Figure 5.17).  Few rutting hotspots were visually identified (Figure 5.18).  These 
hotspots are located in the northeastern and southern part of the district.  
Conversely, compaction hotspots are distributed across the ERD (Figure 5.19).  
Results show that trails located in the northern part of ERD, traverse several 
hotspots.  Only a small portion of the southern trails traverses hotspots. 
5.3.3 Kernel Density Estimates for Soils with the KRD  
Among the three study sites, KRD had the greatest number of hotspots.  
Erosion hotspots occupied the entire midwestern and eastern part of the district 
(Figure 5.20).  Few but relatively large rutting hotspots were identified in the northern 
and southern parts of KRD (Figure 5.21).  Like ERD, the entire KRD was comprised 
of compaction hotspots as shown in Figure 5.22.  The majority of the existing 
(designated and user created) trails in the district traverse hotspots.  
5.3.4 Suitability Analysis 
 The overlay maps for CRD, ERD, and KRD show that some of the erosion, 
rutting, and compaction hotspots lie on top of the other.  The density estimates of the 
surrounding areas of the hotspots are considerably higher than the cold spots.  
Therefore, soils in these regions also have the potential for land degradation.  To 
prevent further damage to soils, 50-meter buffers can be created around the 
hotspots to serve as benchmarks.  The problem areas were isolated after unioning 
(merging) the three hotspots.  The problem areas within the CRD are located near 
the district’s boundary.  The problem areas in ERD and KRD are located across the 
districts.  Results further reveal that portions of the trails in CRD, ERD, and KRD 
traverse problem areas (Figure 5.23).  Using GIS, the areal distribution of the 
problem areas was calculated.  Results show that approximately 16,079 acres (9%) 
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Figure 5.17. Kernel density map for soils located within the Calcasieu (Evangeline Unit) Ranger
District (ERD) with potential for erosion. 
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Figure 5.18. Kernel density map for soils located within the Calcasieu (Evangeline Unit) Ranger
District (ERD) with potential for rutting. 












Kernel Density Estimates for ERD
 167
 
Figure 5.19. Kernel density map for soils located within the Calcasieu (Evangeline Unit) Ranger
District (ERD) with potential for compaction. 
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Figure 5.20. Kernel density map for soils located within the Kisatchie Ranger District (KRD) with
potential for erosion. 
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Figure 5.21. Kernel density map for soils located within the Kisatchie Ranger District (KRD) with
potential for rutting. 
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Figure 5.22. Kernel density map for soils located within the Kisatchie Ranger District (KRD) with
potential for compaction. 
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Figure 5.23. Maps of problem areas within the Catahoula (CRD), Evangeline Unit, Calcasieu (ERD), and
Kisatchie (KRD) Ranger Districts.  
District Boundary User Created Trail Designated TrailProblem Area
CRD ERD KRD 
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of CRD is composed of problem areas, 26,798 acres (14%) for ERD and 22,990 
acres (13%) for KRD (Figure 5.24). 
5.4 DISCUSSION 
5.4.1 Kernel Density Estimates 
Hotspots have been defined in various ways.  Levine (2001) defined hotspots 
as areas where concentration of incidents or events within a limited geographical 
area is greatest and cold spots are areas where concentration of events is least.  
Alternatively, McLafferty et al. (2000) described hotspots as geographical areas that 
contain an unusually high concentration of crime events.  Relative to soils data, 
hotspots could be defined as areas that are not suitable for ORV use and cold spots 
as the areas that are suitable for creating trails for ORV use.   
Many programs that use data points or events to determine point pattern, 
map, and identify hotspots, are now available nationwide and even worldwide.  One 
of the most widely used and innovative point-based methods that can map hotspots 
is the Spatial and Temporal Analysis of Crime (STAC) system (Mazerolle and 
Conover, 1998; McLafferty et al., 2000).  The Illinois Criminal Justice Information 
Authority (ICJIA) developed the STAC program in 1988 (Mazerolle and Conover, 
1998).  In this method, hot circles or ellipses (darkest shaded areas) that contain the 
largest number of events identify the areas of densest crime activity (McLafferty et 
al., 2000).  Another clustering method is the Geographical Analysis Machine (GAM).  
Both STAC and GAM use simple geometric shapes such as circles and ellipses for 
identifying hotspots.  As a result, irregularly shaped hotspots are difficult to pinpoint 































Figure 5.24. Areal distribution of problem areas located within the Catahoula
(CRD), Evangeline Unit, Catahoula (ERD), and Kisatchie (KRD)
Ranger Districts.  
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The use of the KDE is a powerful tool in analyzing and displaying geographic 
concentrations or hotspots of events such as crimes for non-environmental data 
(McLafferty et al., 2000) and soil attributes for environmental data.  KDE or kernel 
smoothing is a spatial statistical method that generates maps of density values from 
point event data (Levine, 2001).  The method successfully identified erosion, rutting, 
and compaction hotspot areas based upon the density maps generated during the 
analysis.  KDE provides a smooth, continuous probability density estimate based 
upon the entire sample or data points or incidents (Sharma et al., 1998).  Unlike 
STAC and GAM programs, KDE allows greater flexibility in defining the borders of 
hotspots and in analyzing hotspot areas thus; the intensity of events across an entire 
region can be displayed (Anselin et al., 2000).  In addition, KDE can analyze change 
over time (Anselin et al., 2000; McLafferty et al., 2000).  Hence, hotspots and cold 
spots were successfully identified.  Using GIS, the areal distributions of hotspots 
were also quantified and displayed in a graphical format. 
The success of generating good and useful density maps depends on the 
method of interpolation and type of bandwidth used during the analysis.  Some 
bandwidth estimation methods to obtain optimal local bandwidths include Gaussian 
reference bandwidth (GREF), maximum likelihood cross validation (MLCV), 
unbiased or least square cross validation (LSCV), and biased cross validation 
(BCV2) (Sharma et al., 1998).  GREF is similar to adaptive bandwidth (Levine, 
2001).  According to Sharma et al. (1998), the simplest automated choice of 
bandwidth is the reference bandwidth or GREF.  However, in their study on stream 
flow analysis, MLCV and LSCV were found to work well for hydrologic time series 
record lengths of up to 80 years.   
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Results of this study revealed that a fixed 1-mile bandwidth worked well for 
soils data.  Concerning the type of interpolation, the quartic method worked well for 
soils data having a sample size of 200 or more events.  Conversely, the normal 
probability method worked well for data having a sample size of less than 200 
events.  For non-environmental data such as crimes, the quartic method of 
interpolation has been widely used by most crime mappers because it applies added 
weight to crimes closer to the center of the bandwidth than those farthest apart 
(CMRC, 2002).  This process is called distance decay. 
5.4.2 Suitability Analysis 
Site suitability analysis involves overlaying two or more themes, or combining 
databases of more coverage to locate suitable spatial or attribute conditions (Davis, 
1996).  The overlay procedure proved to be effective in displaying meaningful data in 
thematic maps.  The most desirable location of soils for ORV use was visually 
defined by overlaying the erosion, rutting, and compaction hotspots.  Merging of the 
hotspots and the creation of buffers resulted in the identification of problem areas 
and an ideal site for intended purpose (Stoms et al., 2002) because the optimum 
values of density estimates and their relative important weights were defined (Jiang 
and Eastman, 2000).   
The suitability of existing trails for ORV use was evaluated by overlaying 
themes of existing trails on problem areas.  Results suggest that portions of 
designated trails in CRD should be closed or rerouted because these trails traverse 
problem areas.  The designated trails in the northern part of ERD should be 
permanently closed and new trails should be created further west, from north to 
southwest, where the cold spots (non-shaded regions) are located.  Additionally, 
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designated and user created trails toward the northern part of the district should be 
closed and rerouted towards the west.  In contrast, all the existing trails in KRD 
should be permanently closed, since all the trails traverse problem areas.  Based 
upon the density estimation results, the entire district is susceptible to land 
degradation hence, not suitable for creating trails and for ORV use.   
Suitability analysis is a multi-criteria evaluation where the identified ideal sites 
are compared with actual conditions (Stoms et al., 2000).  Thus, the density maps 
were compared with the thematic maps showing the actual conditions of the primary 
and secondary soil attributes in KNF (Chapter 2 Results).  The influence of some soil 
properties such as slope, soil moisture condition, soil texture, and landform were 
evaluated.  Results demonstrate that even soils with slight rutting potential are prone 
to erosion.  Likewise, soils with moderate to severe compaction potential are 
severely erosive.  Moreover, moderately well drained or somewhat poorly drained 
loamy or sandy soils that are located on a steep slope also have a potential for 
erosion.  Therefore, the effect of other factors such as the soil properties previously 
discussed, should also be considered in the suitability analysis in order to 
scientifically explain the accuracy of the analysis.   
5.5 SUMMARY AND KNF MANAGEMENT POLICY IMPLICATIONS 
 Results of the KDE provided an estimate of the intensity of soil erosion, 
rutting, and compaction across the study area.  Though the CrimeStat program was 
designed for the analysis of non-environmental data specifically crimes, it worked 
well for environmental data such as soils data.  Moreover, results disclosed that the 
method of density interpolation and type of bandwidth to be used in the analysis 
depends upon the maximum sample size or the number of data points (events) to be 
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interpolated.  The combination of normal kernel function and 1-mile fixed bandwidth 
worked well for data with sample size of less than 200 events.  For data having a 
sample size of more than 200 events, the combination of quartic kernel function and 
1-mile fixed bandwidth worked well.   
 Hotspots, regions with the highest density estimates, were visually recognized 
from the surface (density) maps generated during the interpolation as were cold 
spots, regions with least density estimate.  Areas that are susceptible to land 
degradation were identified when the erosion, rutting, and compaction hotspots were 
combined or merged.  The problem areas in each district were more clearly 
identified when buffers were created around the merged hotspots.  The regions 
between hotspots and cold spots are more likely to become problem areas like the 
hotspots, if frequently used, especially during the wet season.  The buffer delineates 
the problem areas and serves as the point of reference for trail management.  
However, for soils that change abruptly with series, landscape, or phase, the buffer 
is not necessarily valid and can be ignored.   
Results of the spatial data analysis using KDE can be used by the USDA-FS 
to properly manage the forest with respect to opening and closure of ORV trails.  
Based upon the result of the estimation, it is suggested that regardless of weather 
condition, wet or dry, trails traversing problem areas should be permanently closed, 
especially if located on steep slopes and poorly drained loamy and clayey soils.  
However, trails traversing problem areas that are well drained and sandy should be 
temporarily closed and rerouted during the wet season.  New trails should be 
created in cold spots or non-problem areas.  In creating new trails, buffers can be 
used as benchmarks to prevent possible degradation of regions close to the 
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hotspots.  The validity and accuracy of the analysis can only be evaluated if the FS 
will use the results to manage the forest, especially the ORV trails.  Though the 
results were conclusive, other cluster analysis techniques and spatial statistics 
program should also be tested to determine which method and program will work 
best for non-environmental data.   
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SUITABILITY OF SOILS WITHIN THE KISATCHIE NATIONAL FOREST FOR ORV 
USE USING SOIL MOISTURE CLASSES AND DROUGHT INDEX   
 
6.1 INTRODUCTION 
 Soil water, referred to as soil moisture in this chapter, is an important property 
of soil.  Soil moisture is required for plant growth, functionality of soil organisms, and 
weathering of parent materials (Bradshaw and Weaver, 1993).  It is also critical 
addressing the environmental issues of as soil erosion, flooding and solute transport 
(Moore et al., 1988).  Soil moisture is the water retained in the soil by adhesive and 
cohesive forces, which act against the force of gravity, evaporation, and transpiration 
(Birkeland, 1984; Singh, 1992; Bradshaw and Weaver, 1993).  Thus, the soil 
moisture content at any given time is determined by the strength and duration of 
forces operating on the moisture and the initial moisture present (Singh, 1992).   Soil 
moisture distribution varies with time.  During the wet season, the variation in soil 
moisture distribution is less as compared to the dry season.  When the weather is 
very droughty, variation is considerably high because of quick evaporation of soil 
moisture and limited transpiration (Wang et al., 2001).  Variability in soil moisture is 
also influenced by soil texture, land use vegetation, and topography (Famiglietti et 
al., 1988; Fu, 2000). 
There are three states of water namely: hygroscopic, capillary, and 
gravitational water (Buckman and Brady, 1967; Singh, 1992; Bradshaw and Weaver, 
1993; Hillel, 1998).  The amount of water held at each state changes over time, 
which affects the availability of water to plants and the potential movement of 
materials and nutrients (Birkeland, 1984; Bradshaw and Weaver, 1993).  A soil 
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containing hygroscopic water is said to be at its wilting point because under this 
condition, plants cannot obtain moisture from the soil because water is held tightly 
close to the surface of individual mineral grains (Birkeland 1984; Singh, 1992; Hillel, 
1998).  Unlike hygroscopic water, capillary water is available to plants because it is 
held less tightly in the soil.  It can move in any direction and remains within the soil 
because the combined attraction of the water molecules to each other and to the soil 
particles is greater than the force of gravity.  Water moves from a wet to a dry area 
in the soil in response to variations in tension, which is approximately equivalent to 
the atmospheric pressure (Bradshaw and Weaver, 1993).  The most common 
movement of capillary water is in response to evaporation and transpiration 
(Birkeland, 1984; Hillel, 1998).  Gravitational water is the soil water that is only 
temporarily available to plants and is present immediately after the rain but quickly 
drains downward (Bradshaw and Weaver, 1993).  The ideal state of water for plant 
growth is the field capacity.  This is the state in which soil has maximum capillary 
water but has no excess gravitational water (Birkeland 1984; Singh, 1992; Hillel, 
1998).   
The state and movement of water in the soil is greatly affected by soil texture, 
structure (Moore and Singer, 1990), and rainfall (Orwig and Abrams, 1997).  The 
absence of precipitation for long periods of time results in a depletion of soil 
moisture, a phenomenon known as drought (Orwig and Abrams, 1997).  During the 
dry season, drought is a dilemma because it enhances the probability of forest 
wildfires.  In the absence of moisture, very dry duff fuels burn deeply, which causes 
excessive damage in forested areas.  In 1955 and 1956, four fires in the Southeast 
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of the United States each burned more than 100,000 acres (Keetch and Byram, 
1968).  Numerous forest fires have been reported to occur after the 1955 and 1956 
fire.  Today, disastrous forest fires are evidence of prolonged periods of dryness or 
drought.  In order to control fires, Keetch and Byram (1968) developed the physical 
theory and general framework for a drought index.   The measurements needed for 
drought index are the maximum air temperature (or the dry bulb temperature at time 
of basic observation) and the total rainfall for the past 24 hours.  The drought index 
known as the Keetch-Byram Drought Index (KBDI) was based upon various 
assumptions as follows:  
1. The rate of moisture loss in a forested area is dependent upon the density 
of the vegetation cover in that area.  In turn, the density of the vegetation 
cover, and consequently, its transpiring capacity, is a function of the mean 
annual rainfall.   
2. The vegetation-rainfall relation is approximated by an exponential curve in 
which the rate of moisture removal is a function of the mean annual 
rainfall.   
3. The rate of moisture loss from soil is determined by the relationship 
between evaporation and transpiration (evapotranspiration relations).  
4. The depletion of soil moisture with time is exponentially approximated 
using wilting point moisture as the lowest moisture level.  Thus, the 
expected rate of drop in soil moisture to the wilting point, under similar 
conditions, is directly proportional to the amount of available water in the 
soil layer at a given time. 
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4. The soil has a field capacity of 8 inches of available water.  The thickness 
of soil that can hold 8 inches of water depends on the soil type.   Although 
the selection of 8 inches is somewhat arbitrary, a precise numerical value 
is not essential.  The use of 8 inches of available moisture appears 
reasonable for fire control because Keetch and Byram (1968) observed 
that in many areas of the country, it takes all summer for the vegetation to 
transpire that much water. 
Forest fire is only one of the major environmental issues in the U.S.  Another 
significant problem is soil degradation and vegetation damage due to improper ORV 
use especially in the KNF.  To effectively manage the forest, considerable 
manpower is necessary.  However, this involves a substantial amount of money.  
Therefore, management strategies and practices that are inexpensive, easy and fast 
are valuable.  Since the degree of soil wetness depends upon the soil drainage or 
soil moisture classes and rainfall events, and KBDI is also dependent upon soil 
moisture, a study was carried out to utilize KBDI and soil moisture classes in the 
analysis.  The main objectives were to determine the best soil moisture class for 
ORV use and to find a KBDI range that can be used to manage the forest with 
respect to opening or closure of existing trails. 




 The USFS provided the data for the KNF soil moisture conditions, average 
daily rainfall and KBDI for 2001.  According to the USFS management, the average 
KBDI data for CRD were close to the averages for ERD and KRD hence; KBDI data 
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for CRD was used in the analysis of the entire forest.  The categories for the soil 
moisture conditions were based upon the natural drainage classes of soil as shown 
in Table 6.1.  The Soil Survey Staff (1951) defined a natural drainage class as the 
“frequency and duration of wet periods for the water regime assumed to be present 
under relatively undisturbed conditions similar to those under which the soil 
developed”.  The seven classes are: 
1. Excessively drained.  Water is removed very rapidly from the soil.  The 
occurrence of internal free water is commonly very deep and the annual 
duration is not specified.  The soils are very coarse-textured or rocky.  All 
are free of the mottling that is related to wetness. 
2. Somewhat excessively drained.  Water is removed rapidly from the soil.  
Internal free water occurrence is commonly very deep and annual duration 
is not specified.  The soils are commonly sandy and rapidly pervious.  All 
are free of the mottling that is related to wetness. 
3. Well drained.  Water is removed from the soil readily but not rapidly.  
Internal free water occurrence is deep or very deep and annual duration is 
not specified.  Water is available to plants throughout most of the growing 
season in humid regions.  Wetness does not inhibit root growth for 
significant periods during most growing seasons.  The soils are mainly 
free of the mottling that is related to wetness. 
4. Moderately well drained.  Water is somewhat slowly removed from the soil 
during some periods of the year.  Internal free water occurrence is 
moderately deep and transitory through permanent.  The soils are wet for 
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only a short time within the rooting depth during the growing season, but 
long enough that most mesophytic crops are affected.  The soils 
periodically receive high rainfall or have commonly a slowly pervious layer 
within the upper 1-meter, or both. 
5. Somewhat poorly drained.  Water is slowly removed so that the soil is wet 
at a shallow depth for significant periods during the growing season.  The 
occurrence of internal free water is commonly shallow and transitory or 
common.  Wetness markedly restricts the growth of mesophytic crops, 
unless artificial drainage is provided.  The soils commonly have one or 
more of the following characteristics: slowly pervious layer, a high water 
table, additional water from seepage, or nearly continuous rainfall. 
6. Poorly drained.  Water is removed so slowly that the soil is wet at shallow 
depths periodically during the growing season or remains for long periods.  
The occurrence of internal free water is shallow or very shallow and 
common or persistent.  Free water is commonly at or near the surface 
long enough during the growing season so that most mesophytic crops 
cannot be grown, unless the soil is artificially drained.  The water table is 
commonly the result of a slowly pervious layer of seepage, of nearly 
continuous rainfall, or of a combination of these. 
7. Very poorly drained.  Water is removed so slowly from the soil that free 
water remains at or very near the ground surface during much of the 
growing season.  The occurrence of internal free water is very shallow and 
persistent or permanent.  Unless the soil is artificially drained, most 
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mesophytic crops cannot be grown.  The soils are commonly level or 
depressed and frequently ponded. 
 
 Table 6.1 Classification of soil moisture conditions based upon soil drainage 
classes. (USDA-USFS, 2001) 
 
Soil Moisture Condition Soil Drainage Classes 
Waterlogged Very Poorly Drained 
Wet Poorly Drained 
Moist Moderately Well Drained, 
Somewhat Poorly Drained 
Dry Well Drained 
Droughty Somewhat Excessively Drained 
Very Droughty Excessively Drained 
 
 KBDI is used to estimate the amount of precipitation necessary to return the 
soil to field capacity.  The value ranges from 0 to 800 units and represents moisture 
content from 0 to 8 inches of water through the soil.  At 8 inches of water, the 
corresponding KBDI value is zero.  At this stage, the soil is assumed to be at field 
capacity and therefore there is no moisture deficit.  The thickness of soil required to 
hold 8 inches of moisture varies with soil type.  The required thickness for clayey 
soils is approximately 25 inches, 30 inches for loamy soils, and 80 inches for sands.  
In terms of fire hazard, the higher the KBDI, the drier the soil, thus the condition is 
favorable for the occurrence and spread of wildfire.  The reverse is true for erosion 
and rutting hazard.  Drier (higher KBDI) soil is preferred over wet soil for ORV use.  
To better understand the degree of wetness or dryness at any given time, the KBDI 
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units were categorized into four classes (Table 6.2).  Given a certain KBDI value, 
one can easily determine if there is a potential fire hazard.     
Table 6.2.  KBDI levels and its relationship to expected fire potential.  (From Keetch 
and Byram, 1968). 
 
KBDI Range Soil Moisture Condition 
    0 – 200 Soil moisture is high.  Lower litter and duff layers do not contribute 
much to fire intensity.  Typical of spring dormant season following 
winter precipitation. 
  
200 – 400 Lower litter and duff layers are drying and beginning to contribute 
to fire intensity.  Typical of late spring and early growing season. 
  
400 – 600 Lower litter and duff layers contribute to fire intensity and will 
actively burn. 
  
600 - 800 Often associated with more severe drought with increased wildfire 
occurrence.  Intense, deep-burning fires with significant downwind 
spotting can be expected.  Live fuels can also be expected to 
actively burn at these levels. 
 
6.2.2 Data Analysis 
 The mapping technique (ESRI, 1999) described in Chapter 3.2.3 was 
employed for the analysis to visually display the soil moisture conditions for CRD, 
ERD, and KRD.  Each soil moisture condition presented in Table 6.1 was queried 
and converted to a shapefile and reclassified according to soil series name, texture, 
landform, erosion, rutting, and compaction hazards.  This method was used to 
determine the factors affecting the degree of soil wetness, and to locate areas that 
are suitable for ORV use. 
 To relate soil moisture conditions (Table 6.1) to KBDI, the KBDI units were 
reclassified into six categories.  The KBDI ranges representing the soil moisture 
classes provided by the USFS are shown in Table 6.3.  Since waterlogged to moist 
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soils appeared to be the most severely erosive soils based upon the erosion hazard 
ratings, a KBDI range of 267 to 399 was used as the critical values.  Horizontal lines 
as shown in Figure 6.1 represent the critical values.  This suggests that when the 
KBDI is above 267 to 399, depending upon the soil type, the soils are dry, hence, 
suitable for ORV use but the condition is favorable for forest fire and vise versa. The 
USFS can use these values to make decisions regarding the trail management 
(closure). 
Table 6.3. Reclassified KBDI levels and soil moisture conditions. 
KBDI Range Soil Moisture Class 
0 - 133 Waterlogged 
134 – 266 Wet 
267 – 399* Moist 
400 – 522 Dry 
523 – 655 Droughty 
656 - 800 Very Droughty 
  *Critical KBDI value  
6.3 RESULTS 
6.3.1 CRD 
 The spatial distribution of soils for CRD according to their moisture classes 
with corresponding KBDI ranges is shown in Figure 6.2.  Majority of the soils 















































































Figure 6.1. Precipitation and Keetch-Byram Drought Index (KBDI) in 2001 in Kisatchie National
Forest.  The horizontal lines represent the critical KBDI range (267-399).  When the
KBDI is above the critical range, soil moisture is suitable for ORV, use but is
favorable for forest fire.  (Data from USFS) 
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Figure 6.2. Spatial distribution of soil moisture classes (SMC) within the Catahoula Ranger
District (CRD).  Values represent the Keetch-Byram Drought Index (KBDI) ranges
for each SMC.
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was assigned.  These soils were coarse-grained (fine sandy loam and loamy fine 
sand) and had slight to moderate potential for erosion.  The district was also 
comprised of 36% fine-textured, moist (KBDI range of 267-399) and 16 % wet (KBDI 
range of 134-266) soils.  Moist soils, which included sandy loams, fine sandy loams, 
and very fine sandy loams, have slight to moderate potential for erosion, moderate 
to severe potential for rutting, and severe potential for compaction.  Wet soils include 
silt loam and silty clay loam that are rated with slight potential for erosion but severe 
potential for rutting and compaction. 
6.3.2 ERD 
 Soils for ERD were more complex as compared to CRD with respect to soil 
moisture classes.  The district was composed of soils with various moisture classes 
from waterlogged to droughty (Figure 6.3).  A large portion (81%) of ERD was 
occupied by moist and dry soils.  Dry soils (fine sandy loams) have slight to severe 
potential for erosion, slight potential for rutting, and moderate potential for 
compaction.  ERD soils that were classified as moist varied with texture, but the 
majority of the soils were very fine sandy loam.  These soils had slight to severe 
potential for erosion, moderate to severe potential for rutting and severe potential for 
compaction.  Droughty (KBDI range of 523-655) soils with varying textures comprise 
only 16% of ERD.  Wet soils were rated with slight potential for erosion and severe 
potential for rutting and compaction.  Approximately 1% of the district was composed 
of waterlogged soils (KBDI range of 0-133).  These fine-textured (clays) soils were 




Figure 6.3. Spatial distribution of soil moisture classes (SMC) within the Calcasieu (Evangeline
Unit) Ranger District (ERD).  Values represent the Keetch-Byram Drought Index
(KBDI) ranges for each SMC. 
















 KRD was composed of waterlogged to droughty soils.  Unlike CRD and ERD, 
the KRD was occupied mostly (51%) by moist and wet soils as shown in Figure 6.4.  
Wet soils included silt loams and clays.  These soils had slight erosion potential, 
severe rutting potential, and moderate to severe compaction potential.  Conversely, 
moist (fine sandy loams, loams, silt loams, very fine sandy loams, and clays) soils 
have slight to severe potential for erosion and moderate to severe potential for 
rutting and compaction. 
6.4 DISCUSSION 
6.4.1 Soil Moisture Classes and KBDI Levels for CRD, ERD, and KRD 
 The soils within KNF have complex moisture classes, which vary from 
waterlogged to droughty.  The majority of the soils rated with severe erosion, rutting, 
and compaction potential were classified as moist.  Moist soils include loams, silt 
loams, silty clay loams, and very fine sandy loams.  This was expected because 
these fine-texture soils are somewhat poorly drained to moderately well drained.  
Once the soil receives a certain amount of rainwater, the soil will remain wet for 
significant periods but not the entire year, because water is removed slowly from the 
soil (Soil Survey Staff, 1951).  Moreover, the Soil Survey Staff (1951) indicated that 
moist soils contain a slowly permeable layer within the profile and a high water table.  
A KBDI range of 267-399 was assigned to moist soils based upon the critical KBDI 
value of 399.  It was assumed that when the KBDI is equal to or lower than 399, the 
soils are considered wet or in danger of soil degradation by ORV traffic.  This means 
that the soils have the potential for erosion, rutting, and compaction due to human 
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Figure 6.4. Spatial distribution of soil moisture classes (SMC) within the Kisatchie Ranger
District (KRD).  Values represent the Keetch-Byram Drought Index (KBDI) ranges
for each SMC. 















activities such as horseback riding and ORV use.  This assumption was made 
because the maps show that most of the moist to waterlogged soils were generally 
rated with moderate to severe erosion potential and severe rutting and compaction 
potential.  With respect to KBDI, the critical range of 267 to 399 was selected 
because according to the original categories, when the KBDI ranges from 0 to 200, 
soil moistures are high, and from 200 to 400, the soils are drying.  Therefore they 
still contain a considerable amount of moisture (Keetch and Byram, 1968).  Hence, 
the soil is at risk from possible soil degradation due to ORV use during this period of 
time if the KBDI is between 200 and 400. 
Soil moisture depletion is related to time and amount of rainfall, temperature, 
humidity, wind, and vegetation cover, which depends upon the antecedent moisture 
condition or the state of the soil in terms of soil moisture content prior to the 
occurrence of rainfall.  Soil moisture is usually estimated by relating the time of 
rainfall event to the time and amount of the last rainfall event (Singh, 2002).  During 
dry periods, moisture is depleted from the soil by evaporation and transpiration by 
plants due to the absence of precipitation (Orwig and Abrams, 1997).    According to 
Keetch and Byram (1968), when the KBDI level ranges from 400 to 600, low litter 
and duff layers are very dry and there is a potential fire hazard because the dry 
materials tend to actively burn.  It is assumed that there is a possibility of a drought 
when the KBDI is close to 600.  Thus, for this study, dry soils were assigned a KBDI 
range of 400 to 522.  Continued evaporation desiccates the soils to permanent 
wilting point to a depth of 1 foot (30.5 cm) or more (Singh, 2002).  This condition is 
termed as “drought” by Orwig and Abrams (1997).   Prolonged absence of 
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precipitation may result in a very droughty condition.  When this condition is 
reached, there is an increased occurrence of wildfire and therefore, the KBDI levels 
are expected to range from 600 to 800 (Keetch and Byram, 1968).  For this reason, 
droughty soils were assigned a KBDI range of 523 to 655 and very droughty soils, 
656 to 800.  
   Significant differences in moisture conditions of soils could also be attributed 
to many factors such as soil structure, texture, vegetation, and topography 
(Famiglietti et al., 1988; Moore and Singer, 1990; Fu, 2000).  Moist soils were mostly 
loamy and clayey.  Wet and waterlogged soils were finer-textured (clayey) as 
compared to moist soils.  Conversely, dry to very droughty soils were coarse-
textured soils.  Soil texture controls the movement of water into and through the soil.  
Soils are dry because they are well drained.  Well drained (dry) soils have high 
saturated hydraulic conductivity, hence water can infiltrate rapidly into the soil (Hillel, 
1998; Haque, 2002).  These dry soils become droughty or even very droughty in the 
absence of precipitation for very long periods of time, especially during the summer 
when evapotranspiration rates are high (Orwig and Abrams, 1997).  Vegetation 
cover also affects soil moisture.  Presence of healthy vegetation is advantageous for 
all soil types.  Vegetation holds soil particles together and absorbs water through 
their root systems.  As a result, drier soils are protected from direct heat from the 
sun, which reduces evaporation hence reducing the risk of becoming droughty.  
Vegetation is also beneficial for poorly drained soils.  Absorbing some of the 
moisture from the soils reduces excess moisture in poorly drained soils.  Vegetation 
helps the soil to dry at a faster rate and become accessible for ORV use. 
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 The utilization of soil moisture classes is essential for trail management 
because soil moisture condition has a distinct effect on the compressibility of the  
soil, load-bearing capacity, and stability, especially on sloping surfaces 
(Hausenbuiller, 1978).  According to Kok et al. (1996), dry soils that have friction 
between the soil particles are not easily compacted.  Wet soils are easier to compact 
because water acts as a lubricant between the particles.  However, as soil water 
content increases, a point is reached where most pore space within the soil are filled 
with water and not with air.  Therefore, very wet soils will not compact as much as 
moist soils because water carries some of the load of the soil and resists 
compaction.  Soil texture and structure also affect the degree of soil compaction.  
Soils that are made up of particles of about the same size (well-graded soils) 
compact less than soils that have a variety of particle sizes (poorly graded soils).  
Loamy and clayey soils are more severely compacted than sandy soils (Dickerson, 
1975; Miller and Sirois, 1986).  ORV use compacts most of these fine-textured soils 
until the surface is sealed, which increases runoff and may cause gully erosion 
(Sheridan, 1979).  Saturated soils are more susceptible to compaction, and 
eventually to erosion, than dry soils (Moehring and Rawls, 1970; Greacen and 
Sands, 1980; Williamson and Neilsen, 2000).  Moist soils are the most susceptible to 
compaction (Kok et al., 1996).  The degree of compaction varies with the vehicle 
type and weight and the number of passes over the soil (Reisinger et al., 1988; Aust 
et al., 1995).  Most compaction occurs during the first few passes of a vehicle on a 
moist or a wet soil (Reisinger et al., 1988).  Therefore, ORV users should be 
restricted from using the trails or any part of the forest when the soils are moist, wet 
 198
or waterlogged.  These conditions represent a KBDI level equal to or lower than the 
KBDI critical range (267-399).  Traffic should be avoided on wet soils because 
traction is difficult and ORVs can create ruts (Kok, et al., 1996).  Recreational 
activities can resume when the soils have dried out and the KBDI values are greater 
than the critical range.  However, caution should be taken into consideration 
because very dry sandy soils are also erosive during dry periods because the soil 
particles are very loose and speeding vehicles can cause erosion especially on hilly 
areas (Amado et al., 2001).  During the dry periods, destruction of soil structure and 
creation of dusts occur due to ORV use and these dusts are easily transported by 
rain during the wet periods.  Overall, results of the investigation suggest that some 
trails in CRD and ERD should be temporarily restricted from ORV use when the 
KBDI is equal to or lower than the critical range.  These trails can be rerouted to 
drier areas.  In contrast, KRD should be completely closed and isolated from ORV 
use or other outdoor activities because of the potential hazard of irreversible soil 
degradation.  
6.5 SUMMARY AND CONCLUSION 
Soil degradation and vegetation damage due to improper ORV use in KNF is 
a great concern by the USDA-USFS management.  To effectively manage the forest, 
considerable manpower is necessary.  However, this involves substantial amount of 
money.  Therefore, management strategies and practices that are inexpensive, easy 
and fast, are valuable.  Since the degree of soil wetness depends upon the soil 
drainage or soil moisture classes and rainfall events, and KBDI is also dependent 
upon soil moisture, this study was carried out to utilize KBDI and soil moisture 
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classes in the analysis of KNF soils.  The study aimed to determine the best soil 
moisture class for ORV use and determine a KBDI range that can be used to 
manage the forest with respect to opening or closure of existing trails.   
To achieve the objectives, the USFS provided data on soil moisture condition, 
rainfall events, and corresponding KBDI for KNF.  GIS analysis was performed on 
the soils data to visually display and identify areas in CRD, ERD, and KRD that are 
most susceptible to degradation such as erosion, rutting and compaction.  Results 
show that KNF soils have complex soil moisture conditions due to varying soil 
texture.  The seven USDA drainage classes for soils were reduced to six moisture 
categories namely: (1) waterlogged (very poorly drained), (2) wet (poorly drained), 
(3) moist (moderately well drained and somewhat poorly drained, (4) dry (well 
drained, (5) droughty (somewhat excessively drained, and (6) very droughty 
(excessively drained).  There were no very droughty soils in KNF.   
 The KBDI values have only four general categories with respect to soil 
moisture status. The KBDI values ranging from 0 to 800 units are equally divided 
into four classes such that each category is increased by increments of 200.  To 
relate KBDI to soil moisture classes, the KBDI levels were reclassified into six 
categories and 399 was selected as the critical KBDI value for trail management.  
With this assumption, it is suggested that the use of trails and the forest as a whole 
should be restricted when the KBDI reaches the critical range of 267 to 399.  
Using GIS, areas that are adversely impacted by ORV use were visually 
identified.  Moist to waterlogged soils (KBDI of 0-399) have potential for severe 
erosion, rutting and compaction.  Dry (KBDI of 400-522) soils are best for ORV use.  
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Drier soils are also favorable for use but with certain limitations because most 
droughty soils are prone to wind erosion.  Locations of areas that are suitable for 
ORV use were displayed in the maps for each district.   
6.6 RECOMMENDATIONS 
 Overall, results suggest that some trails in CRD and ERD should be 
temporarily restricted from ORV use when the KBDI is equal to or lower than the 
critical range (267-399), depending upon the soil type.  These trails can be rerouted 
to drier areas.  In contrast, KRD should be completely closed and isolated from ORV 
use or other outdoor activities because of the potential hazard of irreversible soil 
degradation.   Moreover, caution should be taken into consideration during dry 
periods because of the potential erosion hazard from very dry or droughty soils.  
Recommendations from this study are now being tested by the USFS to determine 
the validity of the different KBDI levels, especially the critical value of 399, when 
used as a benchmark for closing or opening the forest.  With these results, 
management of KNF with respect to ORV use of trails as well as forest fire 
prevention can be accomplished at the same time.   
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ESTIMATION OF SURFACE RUNOFF USING RAINFALL AND  




The erodibility or vulnerability of soil to erosion due to rain or running water 
depends on many factors (Meyer and Harmon, 1984).  Prominent among these 
factors are soil texture and structure (Moore and Singer, 1990).  Weakly aggregated 
soil is more erodible than a well aggregated one, and dispersed clay is much more 
erodible than flocculated clay (Singer et al., 1982).  The raindrop splash and runoff 
water can easily remove smaller materials such as very fine sand, silt, clay and 
organic matter.  However, coarse sand and gravel particles require greater raindrop 
energy or runoff amounts (Bradshaw and Weaver, 1992; Brady and Weil, 1996).  
Soil movement by rainfall is usually greatest and most noticeable during short-
duration, high intensity thunderstorms.  Although the erosion caused by long-lasting, 
less-intense storms is not as noticeable as that produced during thunderstorms, the 
amount of loss can be significant, especially when compounded over time (Brady 
and Weil, 1996).   
 Overland flow or surface runoff can be attributed to topography, surface 
roughness, duration, distribution, intensity of rainfall, and soil infiltration 
characteristics such as saturated hydraulic conductivity (Ksat), soil moisture, and 
pressure head (Wilson et al, 1979; Troutman, 1985; Woolheiser and Osbourne, 
1985).  Runoff occurs whenever there is excess water on a slope that cannot be 
absorbed into the soil or trapped on the surface.  Soil compaction due to wheel 
traffic also causes or increases runoff.  Less water can penetrate a compacted zone 
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hence, runoff increases and soil erosion increases (Jones et al., 1987).  Similarly, 
soil sealing can cause runoff because when the soil surface is covered with 
impervious material, infiltration rate is reduced (Moore and Singer, 1990; Martinez-
Gamino, 1994; Brown and Ward, 1996) thus, slowing water movement and inducing 
ponding at the surface of the soil.  Soil sealing is a result of the break down of 
unstable aggregates caused by rainfall.  The fine clay particles moving with the 
percolating water tend to plug some of the pores, which decrease infiltration rates 
(Birkeland, 1984).   
Infiltration is the total equivalent depth of water that enters the soil (units of 
length) resulting either from a single rainfall event or a series of events (Hillel, 1998).  
This is equivalent to a volume of water passing through a unit area of the soil 
surface.  The rate of infiltration is greatest when water first contacts the soil surface 
because the capillary forces are higher when the soil is drier.  Therefore, the 
infiltration rate is more rapid at the beginning of a rainfall event (Singh, 1992).  The 
portion of rainfall that infiltrates into the soil first replaces any soil moisture deficit, 
and then water continues to move downward until it joins the ground water table 
(Singh, 1992).  Surface ponding and runoff is a result of precipitation rate exceeding 
the infiltration capacity (Bhark and Small, 2003).  Runoff usually occurs after surface 
ponding takes place.  Prolonged ponding occurs when depressional surface soil 
layers become saturated, and the saturation zone begins to move downward into the 
soil.  As a result, the infiltration rate is reduced to a rate lesser than rainfall rate 
(Haque, 2002).  The difference, known as the rainfall-excess rate, becomes 
available for surface runoff (Singh, 1992; Hillel, 1998; Haques, 2002).  For arid and 
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semiarid and upslope areas, surface saturation occurs when the rainfall intensity is 
greater than the saturated hydraulic conductivity (Ksat), and rainfall duration is 
longer than the ponding time for a given initial soil moisture profile (Haques, 2002).    
Runoff is produced when Ksat is low and when a shallow water table exists (Singh, 
1992; Haques, 2002).  The Ksat of a soil depends on the pore size distribution and 
can be calculated using Darcy’s Law.  Darcy’s Law gives the volume of water per 
unit time that passes through an imaginary plane, A, perpendicular to the direction of 
water flow.   
 Soil porosity, texture, and structure are important to the movement of water 
through the soil and to surface erosion.  A-horizon structure, although it varies from 
soil to soil, tends to produce larger-sized pores.  There is less runoff and surface 
erosion because of higher Ksat (Hillel, 1998).  The large pores allow the soil to take 
up large amounts of rainwater in this horizon over a short period of time.  Many 
structural aggregates are water stable hence, percolating water is fairly free of clay 
particles (Birkeland, 1984).  The water holding capacity (WHC) of soils plays a major 
role in the movement of water into the soil. WHC is the difference between field 
capacity and permanent wilting point.  The WHC is the amount of water required to 
wet a given thickness of soil from permanent wilting point to field capacity when 
expressed in water depth units.  Soil moisture movement and retention are also 
strongly related to the surface area per unit volume of the soil mass, in turn, are 
related to the clay and organic matter content (Birkeland, 1984; Singh, 1992).  The 
approximate average WHC for a layer of soil 10 inches thick are 1.4 cm for clay, 1.7 
cm for silt, and 1 cm for sand.  Therefore, for a given rainfall, sandy soils are wetted 
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to greater depths than are more heavily textures soils.  Gravelly sands wet even 
more deeply than sands because of their low surface area per unit volume 
(Birkeland, 1984).  WHC is therefore a significant factor that determines the amount 
of water the soil will absorb before it becomes fully saturated; which, in turn, 
determines the point at which runoff will begin. 
  Knowledge of the factors affecting the movement of water into (infiltration) 
and from (evapotranspiration and deep percolation) the soil can be used to an 
estimation of runoff from a given amount and duration of rainfall for a given soil type.  
Mathematical models have been developed to estimate infiltration based upon the 
available pieces of evidence regarding the soil-water relationship.  The models were 
developed in various years and include the Green and Ampt equation (1911), 
Kostiakov equation (1932), Horton equation (1940), and Holtan equation (1961) 
(Haan et al., 1994).  All these models are governed by Darcy’s law (Haan et al., 
1984), which relates the flux, the rate at which water moves through a unit cross 
sectional area within the soil body; Ksat; and the hydraulic gradient along the flow 
path (Hillel, 1998).  Among these models, the Green and Ampt equation is the best 
and simplest method for estimating infiltration because of its flexibility in describing 
infiltration under varied conditions (Skaggs, 1980).   
 Current environmental issues in KNF include sedimentation and soil erosion 
due to ORV use and surface runoff especially during intense and/or long lasting 
rainfall events.  Runoff is a natural phenomenon and therefore uncontrollable.  
However, external management can control the amount or divert runoff by proper 
use of the land.  For example, ORV users should not use the trails or the forest 
 207
when the potential for surface runoff is high because the vehicle can contribute to 
more and rapid soil erosion by compacting the soil, creating mud holes (ruts), and 
transporting soil particles.  Therefore, it is essential to measure or estimate runoff.  
This can be achieved by using mathematical models that employ soil and climatic 
data.  The objectives of the study were to estimate runoff using rainfall and Ksat data 
and to locate areas that are less susceptible to runoff based upon soil texture.   
7.2 MATERIALS AND METHODS 
7.2.1 Data 
Three days (15 May – 18 May 2003) of hourly rainfall data (Figure 7.1) from 
the Catahoula weather station was provided by the USDA-FS.   The mathematical 
program written by Moriasi (2003) was used to estimate runoff.  To run the program, 
the Green and Ampt infiltration parameters were used (Table 7.1) because these are 
the ideal values that have been reported (Rawls et al., 1983).  The infiltration 
parameters include Ksat, effective porosity (θe), and pressure head for wetting at the 
wetting front (Ψ).   
7.2.2 Estimation of Surface Runoff 
 The Green and Ampt Approach estimation program (Appendix Table 7.1) 
developed by Moriasi (2003) was run using Essential Lahey Fortran 90 version 4.0 
software (LCSI, 1999).  The program was governed by Darcy’s law, a fundamental 
equation describing water movement in the soil (Klute, 1986).  Mathematically, the 
general statement of Darcy’s law for vertical, saturated flow is: 
 Q/At = Ksat dH/dz       [eq. 7.1] 
where Q/At is the flow rate or flux density, that is, the quantity or volume of water, Q, 
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Table 7.1 Green and Ampt Infiltration Parameters (Rawls et al., 1983). 
Soil Texture θe1 ψ (cm)2 Ksat (cm/hr)
3 
Sand 0.417 4.95 11.78 
Loamy sand 0.401 6.13 2.99 
Sandy loam 0.412 11.01 1.09 
Loam 0.434 8.89 0.34 
Silt loam 0.486 16.68 0.65 
Sandy clay loam 0.330 21.85 0.15 
Clay loam 0.309 20.88 0.10 
Silty clay loam 0.432 27.30 0.10 
Sandy clay 0.321 23.90 0.06 
Silty clay 0.423 29.22 0.05 
Clay 0.385 31.63 0.03 
1Effective porosity     3Saturated hydraulic conductivity 
2Pressure head at wetting front 
 
moving past an area, A, perpendicular to the direction of flow, for a given time, t.   
Ksat is the saturated hydraulic conductivity and the term dH/dz is the hydraulic 
gradient or the driving force causing water to move in the soil.  Hydraulic gradient is 
the net result of all forces acting on the soil water (Klute, 1986; Hillel, 1998).  The 
program was based upon the Green and Ampt model because of its flexible and 
simplified approach for calculating infiltration.  The model is mathematically 
described as: 
 f = K (1 + nS / F)       [eq. 7.2] 
where f is the infiltration rate (cm/hr), K is the hydraulic conductivity of the wetted 
zone (cm/hr), n is the available porosity (%), S is the suction, and F is the cumulative 
infiltration.  The equation assumes a homogeneous soil with uniform moisture 
content, a sharp boundary between wetted zone and dry zone, and a vertical flow.  
Naturally, soil is not homogeneous and soil moisture is not uniformly distributed.  
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These assumptions were made based upon the average infiltration properties of a 
soil. 
 To run the program, a tab delimited text file of rainfall data was used as the 
input parameter.  The file was composed of a column of observation time, in this 
case consecutive number of hours, and another column of the corresponding 
amount of rainfall every hour.  The amount of effective rainfall or runoff from a 
certain type of soil was estimated by manually adding the infiltration parameters 
shown in Table 7.1 into the program.  For example, for a clayey soil, the following 
values were used: 0.03 cm hr-1 (Ksat represented by K in the program), 0.385 
(effective porosity represented by Theta), and 31.63 cm (pressure head represented 
by Psi).  To estimate runoff from the other types of soil, the program was run 
repeatedly and infiltration parameters were changed for each soil.  The program also 
estimated the amount of surface storage, that is, the amount of rainfall that infiltrated 
into the soil.  Runoff was the difference between the amount of rainfall and soil 
surface storage.  Appendix Table 7.2 shows an example of the output table for a 
clayey soil using 24 hours (15 May 2003) rainfall data. 
7.2.3 GIS Analysis 
 Based upon the result of the estimation process, areas that are susceptible or 
not susceptible for runoff were identified by selecting all soils within the sand family, 
that is, soils that contain considerable amounts of sands.  The soils within this family 
were grouped together and displayed in the map.  This was accomplished by using 
the query builder tool in ArcView3.2 (ESRI, 1999).  Similarly, to locate areas that 
have runoff potential, soils within the family of silt and clay were selected and 
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grouped together.  The soils were reclassified into three categories according to soil 
particle size.  The three categories are (1) fine-grained soils, which include clay, 
sandy clay, and silty clay, (2) medium-grained soils, which include loam and silt 
loam, and (3) coarse-grained soils, which include loamy fine sands. 
7.3 RESULTS AND DISCUSSION 
 The Green and Ampt Approach program by Moriasi (2003) estimated the 
amounts of effective rain or runoff.  Results show that runoff varied with soil texture 
(Figure 7.2).  The greatest amount of runoff was estimated from clayey soils.  Fine-
grained soils generally had the greatest quantity of runoff followed by medium-
grained soils.  No runoff was estimated from the sandy soils.  This result agrees with 
previous investigations (Haan et al., 1994; Klocke et al., 1996) on the actual effective 
runoff from various types of soils.  Soils with large pores such as sandy soils have 
higher infiltration rates (Singh, 1992; Bradshaw and Weaver, 1996) and are wetted 
to a greater depth than heavily textured or fine-grained soils (Birkeland, 1984).  
Furthermore, Ksats of fine-grained soils are lower as compared to coarse-grained 
soils.   
 Soil compaction greatly affects runoff because when soil particles are pressed 
together, the space for air and water is limited.  Soil water is a critical factor in soil 
compaction potential.  Dry soils are not easily compacted because of friction 
between soil particles.  The amount of runoff is expected to increase due to ORV 
traffic on a wet soil because water acts as a lubricant between soil particles, making 
the soil easier to compact (Kok et al., 1996).  Frequent vehicle passes on a wet soil 
cause compaction thereby reducing the soil porosity and infiltration rate that will lead 
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Figure 7.2. Estimated effective rainfall or runoff from soils with varying textures.  Three days (15
May to 18 May 2003) of rainfall observation was collected in Catahoula weather station
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to increased runoff.  The degree of compaction is greatest when the soil is moist 
because both water and air are available.  Less compaction occurs when the soil is 
wet but the soil is compacted the side and ruts are formed (Kok et al., 1996).   
 Using GIS, the spatial distribution of soils with respect to texture or particle 
size were identified and displayed visually.  The majority of the soils within the CRD 
are loamy (medium-grained) (Figure 7.3).  Similarly, the majority of the soils within 
the ERD are medium-grained (Figure 7.4).  However, a considerable amount of fine- 
(clayey) and coarse-grained (sandy) soils are present in the district.  In contrast, 
there are more fine- and coarse-grained soils within the KRD but majority of the soils 
are medium-grained (Figure 7.5).  The locations of soils within each of the districts 
with the potential for runoff are shown in Figure 7.6.  No clayey soils were observed 
within the CRD.  Some areas within the ERD have clayey soils.  More clayey soils 
were observed within the KRD.  These results suggest that among the three districts 
under investigation, KRD is the most susceptible to runoff and eventually, to erosion.  
However, this conclusion was based upon surface textures only.  Factors such as 
slope, slope length, soil structure, vegetation, rainfall amount and intensity, also 
contribute to the amount of runoff and erosion (Wilson et al., 1979; Troutman, 1985; 
Woolheiser and Osbourne, 1985).  High-energy raindrops can break up unstable 
aggregates into fine particles (Haan et al., 1994).   The fine particles tend to plug 
some of the soil pores and form a surface seal, thus, will result to a decreased 
infiltration rate (Birkeland, 1984; Haan, 1994).  The roots of plants help absorb some 
amounts of water.  Hence, absence of vegetation, especially in hilly areas where 
Ksat values are usually low, can contribute to runoff and erosion (Haques, 2002).  
 214
7.4 SUMMARY AND CONCLUSION 
 Rainfall and hydraulic conductivity data were utilized to estimate surface 
runoff from various soil types.  The Green and Ampt Approach program successfully 
estimated the amount of runoff from various soil types.  Results show that runoff 
varied with soil texture or particle size.  Fine-grained soils with lower saturated 
hydraulic conductivities produced the highest quantity of runoff.  To locate areas with 
potential runoff and erosion hazard based upon soil texture, the KNF soils were 
reclassified into three categories (fine-, medium-, and coarse-grained) according to 
surface soil texture.  Fine-grained soils include clay and silty clay, medium-grained 
soils include loam, silt loam sandy loam, fine sandy loam, sandy clay loam, and very 
fine sandy loam and coarse-grained soils include loamy fine sand.  The majority of 
the soils within the CRD and ERD are coarse-grained.  Conversely, KRD is 
comprised of more fine- and medium-grained soils as compared to CRD and ERD.  
Results predict that soils within the KRD have severe potential for runoff and 
erosion.   
 If management of KNF trails is based upon the results of this study, existing 
trails that traverse fine-grained soils should be permanently closed.  Trails that 
traverse medium-grained soils should be temporarily closed during the wet season 
or rerouted to areas with coarse-grained soils.  The recommended areas for ORV 
use based upon surface soil texture were identified and isolated using GIS.
 The assumptions and analysis in this study were only based upon one soil 
property and yet recommendations on possible trail management were successfully 
drawn.  The Green and Ampt Approach program estimated potential runoff.   
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Figure 7.3. Spatial distribution of soils within the Catahoula Ranger District (CRD) according to soil
textural classes.  Majority of the soils are medium-grained (loamy).  A very small
portion of the soils within the CRD is coarse-grained (sandy). 











Figure 7.4. Spatial distribution of soils within the Calcasieu (Evangeline Unit) Ranger District
(ERD) according to soil textural classes.  Majority of the soils are medium-grained
(loamy).  Some of the soils are fine-grained (Clayey) and coarse-grained (sandy). 












Figure 7.5. Spatial distribution of soils within the Kisatchie Ranger District (KRD) according to soil
textural classes.  Majority of the soils are medium-grained (loamy).  Some soils within
the KRD are fine-grained (clayey) and coarse-grained (sandy). 













Clayey Soils Designated Trail User Created Trail District Boundary
Figure 7.6. Soils within the Catahoula (CRD), Evangeline Unit, Calcasieu (ERD), and Kisatchie Ranger Districts
(KRD) with the potential for runoff based upon soil surface textures.  Fine-grained (clayey) soils tend
to produce more runoff as compared to medium (loamy) and coarse (sandy) grained soils. 
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Moreover, though the infiltration parameters used in the estimation, such as 
hydraulic conductivity and effective porosity, were not the actual soil values but were 
only taken from reported ideal values, reasonable runoff amounts were estimated 
based upon visual observations in the forest.  However, other factors affecting runoff 
such as slope and rainfall intensity should also be considered.  Knowledge of the 
amount of runoff from a particular area will give KNF rangers an idea of the possible 
runoff and erosion hazards when rainfall events occur.  This will aid the KNF 
management to decide whether to open or close the forest for ORV use.  Forest 
management is even more effective if the time restrictions on the use of the forest 
are known.  To be able to determine when and how long the forest should be 
restricted for ORV use, further research is necessary.  The model used should be 
modified by incorporating other parameters (saturation and water table depths) that 
will estimate the duration of evapotranspiration after the occurrence of rainfall event.  
The validity of the model should also be tested by utilizing actual infiltration 
parameters. 
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SUMMARY AND CONCLUSIONS 
 
 Soil erosion, rutting, and compaction due to improper ORV use are among 
the major problems in the KNF.  These problems increase during wet periods.  To 
address this environmental issue, a research project was initiated in 2001 in 
collaboration with the USDA-FS to assess the suitability of existing trails for ORV 
traffic and determine the suitability of KNF soils for ORV use using GIS.  The specific 
objectives were to (1) summarize and visually display the spatial distribution and 
nature of the soil resource within the forest in a thematic and graphical format, (2) 
perform kernel density estimation of areas that are suitable for ORV use using 
CrimeStat 2.0, a spatial statisitics program designed for non-environmental data, (3) 
determine the suitability of soils for ORV use and ORV traffic using trafficability 
maps, soil drainage classes, rainfall, and drought index, and (4) estimate effective 
rainfall or the amount of runoff for specific soil types. The investigation focused on 
the most used districts of the forest, the CRD, ERD, and KRD.   
 The spatial variability of KNF soils was determined using the choropleth and 
summarized zones techniques through ArcView 3.2 spatial analyst extension.  The 
distribution of soils according to texture, soil moisture classes, landform, ratings for 
erosion, rutting, compaction, and trafficability ratings for each district were visually 
displayed via the thematic maps.  Likewise, surface runoff from soils with varying 
surface texture and particle size was estimated using the Green and Ampt Approach 
program, developed by Moriasi (2003), through Lahey Fortran 90 version 4.0 
software.  Though the input data used to run the program were not the actual 
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infiltration parameters for KNF soils, the expected runoff trend based upon the soil 
properties, especially surface soil texture was estimated.  However, knowledge of 
the amount of time necessary for soils to dry after the occurrence of precipitation is 
essential.  Therefore, modification of the model by inclusion of other important 
parameters including saturation time and thickness is suggested in order to estimate 
the infiltration and evapotranspiration time.  To test the validity of the model, actual 
soils data should be used and the results of the estimation should be compared to 
field data.  
 The location of suitable and unsuitable areas for ORV traffic and ORV use 
were visually identified.  Hotspots, or areas that have potential for soil degradation, 
and coldspots, or areas that are suitable for ORV use, were identified using the 
Kernel Density Estimation technique (KDE).  Though the program was designed for 
non-environmental data, it worked well for environmental data such as soils data.  
Trails traversing hotspots should be permanently closed and new trails should be 
created in coldspots.  Furthermore, trails traversing areas between hotspots and 
coldspots should be temporarily closed during the wet periods and re-opened when 
soils are within usable soil moisture limits as discussed below. 
 The soil moisture condition, an important soil property affecting trail 
management, can be estimated using the KBDI values.  Results indicated that a 
critical KBDI range of 267 to 399 be used to determine whether or not to restrict the 
use of the trails and the forest as a whole with respect to soil wetness.  Restrictions 
on ORV use should be imposed when the KBDI value reaches 267 to 399 or lower, 
depending upon the soil type, because at this stage, soils contain considerable 
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amounts of moisture that can cause erosion, rutting, and compaction under ORV 
use.  Relative to soil wetness, the KBDI can be used, not only for fire control 
measures, but also for effective management of the forest trails. 
 Areas that are suitable for ORV traffic were successfully reflected in the 
trafficability maps by incorporating the military trafficability ratings into the GIS 
database.  However, the recommended areas for ORV traffic were only based upon 
ratings for 1 and 50 vehicle passes.  Further study is necessary to determine the 
allowable number of vehicle passes over a given soil under varying soil moisture 
conditions.   
 The final suitability analysis of soils within the KNF for ORV use was 
performed using the overlay map technique.  The identified problem areas from 
various techniques used in the study were selected and overlaid.  The overlapping 
features or areas from each theme were selected and integrated using the Intersect 
operation from the geoprocessing wizard of ArcView®3.2.  The Intersect process 
computed the geometric intersection and integrated the features from the themes 
falling within the spatial content common to the themes.  The maps produced from 
the process contain the final hotspots for the entire study area and are referred to as 
the “final suitability maps”. 
Overall, results of the suitability analyses using GIS show that soils within the 
CRD are suitable for ORV use (Figure 8.1).  Portions of the trails in the ERD should 
be restricted from ORV use because they traverse the final hotspots as shown in 
Figure 8.2.  The designated trails in the district should be rerouted to the areas free 
of hotspots.  Similarly, a portion of the user-created trails should be closed because 
 225
 








Figure 8.1. Suitability map of soils within the Catahoula Ranger District (CRD) for ORV use.  
Final hotspots are not suitable for ORV use. 
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Figure 8.2. Suitability map of soils within the Calcasieu (Evangeline Unit) Ranger District (ERD) 
for ORV use.  Final hotspots are not suitable for ORV use. 









it traverses hotspots.  KRD should be permanently closed for ORV use because the 
final suitability map for KRD (Figure 8.3) shows that the final hotspots are located 
across the district.  The maps of soils within the KRD (refer to Figure 3.50) show that 
the entire KRD had potential for severe erosion, rutting, and compaction.  Portions of 
the trails within the KRD traverse final hotspots.  Based upon these maps the 
designated and user-created trails should be permanently closed because coldspots 
(non-shaded areas) within the KRD tend to become hotspots because of their 
potential for severe erosion, rutting, and compaction.  However, hiking and 
horseback riding could be allowed during dry periods.  The suitability analysis of 
soils within the KNF was based upon types 2 and 3 ORV users (refer to Chapter 2 
section 2.2). 
Among the techniques used in the suitability analysis of soils within the KNF 
for ORV use, the KDE technique was the best technique because it identified the 
hotspots that were identified by the other techniques.  The locations of KDE hotspots 
were similar to the problem areas reported by the USFS.  The other techniques (use 
of trafficability, soil moisture, drought index, and hydraulic conductivity data) 
identified hotspots based only upon specific soil attributes.  Though the suitability 
analysis was successful, further research is necessary to test the validity of the 
methods used in the analyses by using current soils data and comparing results to 




Figure 8.3. Suitability map of soils within the Kisatchie Ranger District (KRD) for ORV use.  
Final hotspots are not suitable for ORV use. 





























































MILITARY VEHICLES AND SOIL TRAFFICABILITY 
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Table A1.1.  Military vehicle type, description, shearing resistance, and critical soil layers.  (Taken from FM 5-430-
00-1, Department of Army, 1994) 
















1 Jeep, M151 Lightweight vehicles with low contact 
pressure (less than 2 psi) 
12 or less 29 or less 3-9 
      
2 Howitzer, 
M52 
High-speed tractors with comparatively wide 
track and low contact pressure  
12-21 30-49 3-9 
      
3 Tank, M1 Tractors with average contact pressures, 
tanks with comparatively low contact 
pressures, and some trailed vehicles with 
very low contact pressures 
22-26 50-59 6-12 
      
4 Launcher, 
M60A1 
Most medium tanks, tractors with high contact 
pressures, and all-wheel drive trucks and 
trailed vehicles with low contact pressures 
26-30 60-69 6-12 




Most all-wheel drive trucks, trailed vehicles, 
and heavy tanks 
31-35 70-79 9-15 
      
6 Cargo Truck, 
M997 
All-wheel drive and rear-wheel drive trucks 
and trailed vehicles intended primarily for 
highway use 
36-44 80-99 9-15 
      
7 Sedan Rear-wheel drive vehicles and others that 
generally are not expected to operate off 






 *VCI1 and VCI50 denote shearing resistance or vehicle cone index for 1- and 50-vehicle passes. 
 **The critical layer or depth (inches) of soil being traveled upon by the vehicles. 
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Briley/ BS 3Slope 
4Soil Strength 
 
LFS 5-12 Moderate Slight Slight Dry Side Slope 
Cahaba/ CB Soil Strength FSL 1-5 Slight Slight Moderate Dry Stream Terrace 





Slipperiness Association5 5-30 Severe Moderate Severe Moist Steep Side Slope 
Ruston/ RU Slipperiness FSL 1-5 Slight Slight Moderate Dry Ridge Top 
Smithdale/ SM Slipperiness FSL 5-20 Moderate Slight Moderate Dry Side Slope 
 
Fair Trafficability 
Caddo/ CA Slipperiness VFSL 0-1 Slight Severe Severe Moist Upland Flat 
Cadeville/ CD Slipperiness VFSL 1-5 Moderate Moderate Severe Moist Ridge Top 
Cadeville/ CE Slipperiness VFSL 5-12 Severe Moderate Severe Moist Side Slope 
Glenmora/ GN Slipperiness VFSL 1-5 Slight Moderate Severe Moist Upland Flat 
Gore/ GO Slipperiness VFSL 1-5 Moderate Moderate Severe Moist Ridge Top 
Gore/ GR Slipperiness VFSL 5-12 Moderate Moderate Severe Moist Side Slope 
Guyton/ GU Slipperiness SL 0-1 Slight Severe Severe Wet Stream Terrace 
Guyton/ GY Slipperiness Complex6 0-1 Slight Severe Severe Wet Floodplain 
Kolin/ KO Slipperiness SL 1-5 Moderate Moderate Severe Moist Upland Flat 
Malbis/ MA Stickiness FSL 1-5 Slight Moderate Severe Moist Upland Flat 
Metcalf/ MF Slipperiness VFSL 0-2 Slight Moderatre Severe Moist Upland Flat 
 
Poor Trafficability 
Mayhew/ ME Stickiness SCL 1-5 Slight Severe Severe Wet Upland Flat 
1SL – silt loam; SCL- sandy clay loam; FSL- fine sandy loam; VFSL- very fine sandy loam;  
2 Wet – poorly drained; Moist- moderately well drained, somewhat poorly drained; Dry- well drained 
3Limitation with 1 vehicle pass   5Association- combination of fine-loamy Rigolette and fine-clayey Kisatchie soils 
4Limitation with 50 vehicle passes  6Complex – combination of two soil properties 
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Complex 5-20 Severe Slight Slight Droughty Lower Slope 
Cahaba/ CB Soil Strength FSL 1-5 Slight Slight Moderate Dry Stream Terrace 
 
Good Trafficability 
Anacoco/ AN Slipperiness L 1-5 Slight Moderate Severe Moist Upland Flat 
Forbing/ FB Stickiness SL 1-5 Moderate Moderate Severe Moist Ridge Top 
Ochlochonee/ 
OH5 
Stickiness SL 0-1 Slight Slight Severe Dry Floodplain 
Ruston/ RU Slipperiness FSL 1-5 Slight Slight Moderate Dry Ridge Top 
Smithdale/ SM Slipperiness FSL 5-20 Moderate Slight Moderate Dry Side Slope 
 
Fair Trafficability 
Acadia/ AC Stickiness SL 0-3 Slight Moderate Severe Moist Upland Flat 
Beauregard/ 
BA 
Slipperiness VFSL 1-5 Moderate Moderate Severe Moist Upland Flat 
Caddo/ CA Slipperiness VFSL 0-1 Slight Severe Severe Moist Upland Flat 
Cadeville/ CD Stickiness VFSL 1-5 Moderate Moderate Severe Moist Ridge Top 
Cadeville/ CE Stickiness VFSL 5-12 Severe Moderate Severe Moist Side Slope 
Glenmora/ GN Slipperiness VFSL 1-5 Slight Moderate Severe Moist Upland Flat 
Gore/ GO Stickiness VFSL 1-5 Severe Moderate Severe Moist Side Slope 
Gore/ GR Stickiness VFSL 5-12 Moderate Moderate Severe Moist Ridge Top 
Guyton/ GY Slipperiness Complex6 0-1 Slight Severe Severe Wet Floodplain 
Kisatchie-
Oula/ KZ 
Stickiness Complex6 5-40 Severe Moderate Severe Dry Steep Side Slope 
Kolin/ KO Stickiness SL 1-5 Moderate Moderate Severe Moist Upland Flat 























Moreland/ MO Stickiness C-FF 0-1 Slight Moderate Moderate Moist Floodplain 
Yorktown/ YO Stickiness C-FF 0-1 Slight Severe Moderate Waterlogged Swamp 
 
Not Rated 
Boykin, BO - LFS 1-5 Severe Slight Slight Dry Steep Side Slope 
Boykin, BP - LFS 5-20 Severe Slight Slight Dry Steep Side Slope 
Boykin, BZ - LFS 20-35 Severe Slight Slight Dry Steep Side Slope 
Smithdale-
Gore/ ST 
- Complex6 20-40 Severe Slight Moderate Dry Steep Side Slope 
Vaiden, VA - C 1-5 Slight Slight Moderate  Moist Ridge Top 
Vaiden, VW - SL 5-12 Slight Slight Severe Moist Side Slope 
 
1L- loam; C- clay; C-FF- clay-frequently flooded SL – silt loam; SCL- sandy clay loam; FSL- fine sandy loam; VFSL- very fine sandy loam;  
2 Wet – poorly drained; Moist- moderately well drained, somewhat poorly drained; Dry- well drained; Droughty- somewhat excessively 
drained; Waterlogged- very poorly drained 
3Limitation with 1-vehicle pass 
4Limitation with 50-vehicle passes 
5Occasionally flooded 






























Betis/ BE Soil Strength LFS 1-5 Moderate  Slight Slight Droughty Ridge top 
Briley, BR Soil Strength LFS 1-5 Severe Slight Slight Dry Side Slope 
Briley, BY Soil Strength LFS 12-20 Slight Slight Slight Dry Ridge Top 
Briley, BS Soil Strength LFS 1-5 Moderate Slight Slight Dry Side Slope 
Cahaba/ CA Soil Strength FSL 1-5 Slight Slight Moderate Dry Stream Terrace 
 
Good Trafficability 
Anacoco/ AN Slipperiness FSL 1-5 Slight Moderate Severe Dry Upland Flat 
Ruston/ RU Slipperiness FSL 1-5 Slight Slight Moderate Dry Ridge Top 
Sacul/ SC Slipperiness FSL 1-5 Slight Moderate Severe Moist Ridge Top 
Sacul/ SA Slipperiness FSL 5-20 Moderate Moderate Severe Moist Side Slope 
Smithdale/ SM Slipperiness FSL 5-20 Moderate Slight Moderate Dry Side Slope 
 
Fair Trafficability 
Acadia/ AC Stickiness SL 0-3 Slight Moderate Severe Moist Upland Flat 
Beauregard/ 
BA 
Slipperiness VFSL 1-5 Moderate Moderate Severe Moist Upland Flat 
Caddo/ Slipperiness VFSL 0-1 Slight Severe Severe Moist Upland Flat 
Gore/ GR Slipperiness VFSL 5-12 Moderate Moderate Severe Moist Ridge Top 
Guyton/ GU Slipperiness SL 0-1 Slight Severe Severe Wet Stream Terrace 
Guyton/ GY Slipperiness Complex3 0-1 Slight Severe Severe Wet Floodplain 
Keithville Slipperiness L 1-5 Moderate Moderate Severe Moist Upland Flat 
Kiastchie/ KT Slipperiness C-SE 1-15 Severe Moderate Moderate Dry Side Slope 
Kisatchie-
Anacoco/ KW 
Stickiness Complex3 1-5 Severe Moderate Moderate Dry Ridge Top 
Kisatchie-
Oula/ KZ 
Stickiness Complex3 5-40 Severe Moderate Severe Dry Steep Side Slope 
Malbis/ MA Stickiness FSL 1-5 Slight Moderate Severe Moist Upland Flat 
Morse/ MS Stickiness VFSL 5-20 Severe Slight Moderate Dry Side Slope 
Wrightsville/ 
WR 
Stickiness SL 0-3 Slight Severe Severe Wet Upland Flat 
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Bellwood, BD4 Stickiness L 1-5 Moderate  Moderate Severe Moist Side Slope 
Bellwood, BC4 Stickiness L 5-12 Severe Moderate  Severe Moist Ridge Top 
Guyton-Lotus/ 
GZ5 
Slipperiness A-FF 0-1 Slight Severe Severe Wet Floodplain 
Moreland/ 
MO5 
Slipperiness C-FF  0-1 Slight Moderate Moderate Moist Floodplain 
Perry/ PE5 Slipperiness C-OF 0-1 Slight Severe Moderate Wet Floodplain 
Yorktown, YO5 Stickiness C-FF 0-1 Slight Severe Moderate Waterlogged Swamp 
1L- loam; C- clay; A-FF- association, frequently flooded; C-FF- clay-frequently flooded; C-OF- clay, occasionally flooded; SL – silt loam; 
SCL- sandy clay loam; FSL- fine sandy loam; VFSL- very fine sandy loam; C-SE – clay, severely eroded 
2 Wet – poorly drained; Moist- moderately well drained, somewhat poorly drained; Dry- well drained; Droughty- somewhat excessively 
drained; Waterlogged- very poorly drained 
3combination of two soil properties 
4not trafficable in WS but trafficable in DS 





SURFACE RUNOFF ESTIMATION 
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Table B1.1.  Green and Ampt Approach program used to estimate surface runoff.  
(Moriasi, 2003). 
 
!     Last change:  AP   12 Jul 2003   11:50 pm 
!     Last change:  AP   12 Jul 2003    9:45 pm 
!.............................................................................. 
! This program uses Green and Ampt equation to obtain an output for rainfall 
 
! depth increment, potential infiltration rate, potential infiltration 
! volume, actual infiltration volume, cumulative infiltration volume at time 
! t, surface storage, and effective rainfall (runoff) 
! ----------------------------------------------------------------------------- 




REAL:: T, Rain, fp2,s,deltaRc,deltafa,fp1,deltafp2, deltat 
REAL:: Phi, sate, thetae, deltatheta, K, smax 
!------------------------------------------------------------------------------- 
! Variable description 
!------------------------------------------------------------------------------- 
! T = time (hrs) 
! Rain = rainfall depth increment (cm) 
! fp1 = potential infiltration rate (cm/hr) 
! s = surface storage (cm) and is maximum at 0.1 cm for smooth weathered surface 
! delta Rc = effective rainfall or runoff (cm) 
! deltafa = the actual infiltration volume (cm) 
! fp2 = cumulative infiltration volume after time t (cm) used to calculate fp1 
! deltafp2 = potential infiltration volume (cm) 
! K = Saturated hydraulic conductivity (cm/hr) [0.1 cm/hr for Ben Hur] 
! Phi = Pressure head for wetting at the wetting front 
! sate = effective saturation (assumed 30% in this case) 
! thetae = effective porosity (0.432 for sility clay loam soil in Table 3.11 of Haan et al., 1994) 
! deltat = time increments (hours) [In this case deltat is 1 hr) 
! smax = maximum s (cm) 
!------------------------------------------------------------------------------- 




! File formats 
110 format (a10,",",a10,",",a10,",",a10,",",a10,",",a10,",",a10,",",a10) 
120 format (f10.2,",",f10.2,",",f10.2,",",f10.2,& 
&",",f10.2,",",f10.2,",",f10.2,",",f10.2) 
130 format (f10.2,",",f10.2,",",a10,",",a10,","& 
&,a10,",",f10.2,",",f10.2,",",f10.2) 
write (20,110) "t", "Delta R", "fp", "Delta Fp","Delta Fa","Fp","S","Delta Rc" 
write (20,110) "(hr)", "(cm)", "(cm/hr)", "(cm/hr)","(cm/hr)","(cm)","(cm)","(cm)" 
 
! Initializing the variables used 
t = 0.0 
Rain = 0.0 
fp2 = 0.0 
s = 0.0 
deltaRc = 0.0 
K = 0.03 
sate = 0.3 
thetae =0.385 
Phi = 31.63 
 
deltat = 1.0 
fp1 = 10.0**6 
deltafp2 = 10.0**6 
smax = 0.1 




Table B1.1. Continued. 
write (*,*) deltatheta !Write deltatheta on the screen to check if correct 
write (20,130) t, Rain, " "," "," ",fp2, s, deltaRc ! write first row in the in the output file 
! DO loop to carry out the calculations for the output DO 
READ (10,*) T, Rain 
IF (T==0.0.and.rain==0.0) GO TO 900 ! Stop when T and Rain are zero 
 
! Calculation of potential infiltration rate and potential infiltration 
! volume 
IF (fp2==0) THEN 
fp1 = 10.0**6  ! fp1 becomes undefined from the infiltration eq. hence 
! 1000000 is used to mean undefined 
deltafp2 = 10.0**6 !deltafp2 becomes undefined too1000000 is used to mean 
! undefined 
else 




! Calculation of actual infiltration volume 
IF (Rain > deltafp2.AND.(Rain -deltafp2)> smax) THEN 
deltafa = deltafp2 
else if ((Rain < deltafp2.AND.(Rain+s)> deltafp2)) then 
deltafa = deltafp2 
else if ((Rain < deltafp2.AND.(Rain+s)< deltafp2)) then 
deltafa = Rain + s 
else 
deltafa = Rain 
END IF 
 
! Calculation of cumulative infiltration volume 
Fp2 = Fp2 + deltafa 
 
! Calculation of surface storage 
IF (Rain > deltafp2.AND.(Rain -deltafp2)> smax) THEN 
s = smax 
else if ((Rain < deltafp2.AND.s> 0.0.AND.(Rain+s)> deltafp2)) then 
s = Rain +s - deltafp2 
else 
s = 0.0 
END if 
 
! Calculation of effective rainfall 
IF ((Rain - deltafp2) > smax) THEN 
deltaRc = Rain - deltafp2 - smax 
ELSE 
deltaRc = 0.0 
END IF 
 
! Enter all results in the output file GAout.dat 
WRITE (20,120) T, Rain, fp1, deltafp2, deltafa, fp2, s, deltaRc 
END DO 
 
! End program when both T and Rain equal zero 
900 Stop 
END PROGRAM Green_Ampt_Approach 
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Table B2.2.  Example of output table as a result of runoff estimation for a clayey soil. 
 
t1 Delta R2 fp3 Delta Fp4 Delta Fa5 Fp6 S7 Delta Rc8 
(hr) (cm) (cm/hr) (cm/hr) (cm/hr) (cm) (cm) (cm) 
1 0 1000000 1000000 0 0 0 0 
2 0 1000000 1000000 0 0 0 0 
3 0.03 1000000 1000000 0.03 0.03 0 0 
4 0.05 10.1 10.1 0.05 0.08 0 0 
5 0.05 3.39 3.39 0.05 0.13 0 0 
6 0.58 2.04 2.04 0.58 0.71 0 0 
7 1.14 0.39 0.39 0.39 1.1 0.1 0.65 
8 1.22 0.26 0.26 0.26 1.36 0.1 0.86 
9 1.24 0.22 0.22 0.22 1.58 0.1 0.93 
10 1.24 0.19 0.19 0.19 1.77 0.1 0.95 
11 1.24 0.17 0.17 0.17 1.95 0.1 0.97 
12 1.24 0.16 0.16 0.16 2.11 0.1 0.98 
13 1.24 0.15 0.15 0.15 2.26 0.1 0.99 
14 1.24 0.14 0.14 0.14 2.4 0.1 1 
15 1.24 0.14 0.14 0.14 2.54 0.1 1.01 
16 1.24 0.13 0.13 0.13 2.67 0.1 1.01 
17 1.24 0.13 0.13 0.13 2.8 0.1 1.02 
18 1.24 0.12 0.12 0.12 2.92 0.1 1.02 
19 1.24 0.12 0.12 0.12 3.03 0.1 1.03 
20 1.24 0.11 0.11 0.11 3.15 0.1 1.03 
21 1.24 0.11 0.11 0.11 3.26 0.1 1.03 
22 1.24 0.11 0.11 0.11 3.37 0.1 1.04 
23 1.24 0.11 0.11 0.11 3.47 0.1 1.04 
24 1.24 0.1 0.1 0.1 3.58 0.1 1.04 
1Observation time  
2Amount of rainfall 
3Potential infiltration rate  
4Potential infiltration volume 
5Actual infiltration volume 
6Cumulative infiltration volume 
7Surface storage 
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